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 Engineered CuO-GO Reinforced PVA/CS Electrospun Nanofibers with Enhanced 

Physicochemical, Hemocompatible, and Wound Healing Performance

Raymond Shikuku, Mohammed Abul Hasnat, and M. Nuruzzaman Khan*

Department of Applied Chemistry and Chemical Engineering, Faculty of Engineering and 

Technology, University of Dhaka, Dhaka-1000, Bangladesh

Abstract: 

Wound management is a critical aspect of healthcare that demands the development of effective 

and innovative dressing materials. Yet, many conventional wound dressings exhibit significant 

limitations, such as poor healing efficacy, potential cytotoxicity, inadequate moisture retention, 

and insufficient mechanical strength, which collectively hinder optimal healing outcomes. To 

overcome these limitations, we developed a biodegradable nanofibrous mat composed of polyvinyl 

alcohol (PVA) and chitosan (CS) through electrospinning process. The resulting mat features a 

three-dimensional (3D) interconnected porous structure that offers a high surface-area-to-volume 

ratio and enhanced porosity, favorable for wound healing applications. To impart bioactivity, a 

copper oxide/graphene oxide (1:1 ratio) nanostructure was incorporated into the nanofibrous 

matrix. The CuO-GO composite was formed via ex-situ ultrasonic mixing, yielding spherical CuO 

NPs (~49 nm) uniformly distributed on GO nanosheets, as confirmed by transmission electron 

microscopy (TEM). The CuO-GO-embedded PVA/CS nanofibrous mats were thermally 

crosslinked at 120 °C for 80 min to improve structural integrity. Fourier-transform infrared 

spectroscopy (FTIR) confirmed successful incorporation of the nanocomposite, while scanning 

electron microscopy (SEM) revealed uniform fiber morphology with diameters ranging from 116 
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to 290 nm, depending on CuO-GO loading (0–2 wt%). Mechanical testing demonstrated that CuO-

GO incorporation enhanced tensile strength but decreased ductility. Additionally, the crosslinked 

mats showed reduced hydrophilicity and controlled degradation rates matching the wound healing 

process. Cytotoxicity assessments and hemocompatibility analysis determined the biocompatible 

concentration range of CuO-GO into the mat, guiding safe application dosages. In in vivo full-

thickness wound healing studies, mats containing 2 wt% CuO-GO achieved over 95% of wound 

contraction within 14 days, significantly go beyond control samples. These findings accentuate the 

potential of the CuO–GO-embedded PVA/CS nanofibrous mat as an effective therapeutic wound 

dressing that promotes enhanced skin regeneration, while its controlled degradation ensures the 

material breaks down soundly in line with the healing process.

Keywords: Chitosan, wound healing, CuO-GO nanostructure, electrospun nanofibers, 

histopathology

* To whom correspondence should be addressed. 

E-mail: mnuruzzaman.khan@du.ac.bd; Tel: (+880)-1717057445
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1. INTRODUCTION 

A wound is a disruption in the defensive function of the skin. Wounds are classified as either 

chronic or acute based on the duration of their healing process. Acute wounds classically follow a 

predictable healing sequence: hemostasis, inflammation, proliferation, and remodeling, thereby 

healing at a predictable time, generally 3 weeks [1]. On the other hand, chronic wounds, often 

associated with conditions such as diabetes, vascular diseases, or pressure injuries, and vascular 

diseases, frequently linger in the inflammatory stage, leading to  prolonged healing times duration, 

heightened infection risks, increased high morbidity, and even mortality [2]. Therefore, the 

development of ideal wound care materials to accelerate chronic wound healing process is a major 

concern. 

An ideal wound healing material should be designed with active biomaterial materials that can 

reduce inflammation and simultaneously promote early cell proliferation to regenerate damaged 

tissues [1]. Recently, bio-conjugated copper nanomaterials have been used in skin tissue 

engineering.  Among various nanomaterials, copper oxide (CuO) and graphene oxide (GO) have 

been studied as an active material for tissue regeneration. Cu has been shown to stimulate the 

release of platelet-derived growth factor (PDGF) [2], and prostaglandins during the hemostatic 

phase and the inflammatory phase, respectively [3]. It also stimulates the production of fibroblast 

growth factors (FGF), nerve growth factor, angiotensin II, and transforming growth factor beta 

(TGF-β), which helps accelerate wound healing [4]. Moreover, Copper promotes the expression 

of Cu-dependent enzymes and polysaccharide molecules, including lysyl oxidase, nanofibrous 

matrix metalloproteinases, glycosaminoglycans, and small proteoglycans that play vital roles in 

extracellular matrix remodeling, cellular proliferation, re-epithelialization, and the migration of 

skin and stem cells [5]. 
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Similarly, graphene oxide, a carbon-based material, is characterized by its exceptionally high 

surface area, superior thermal conductivity, significant drug-loading capacity, desirable 

biocompatibility and biodegradability. It has been extensively reported to promote cellular 

adhesion, proliferation, and differentiation [6]. In addition, GO nanosheets exhibit both wound-

healing efficacy and antibacterial properties, notably against Staphylococcus aureus [7]. 

Furthermore, the synergistic interaction between CuO NPs and GO sheets in facilitating wound 

repair presents a compelling area of research. Due to its intrinsic hydrophilicity, GO displays 

excellent dispersion in aqueous media, minimal cytotoxicity, and enhanced biocompatibility, 

making it a viable candidate for medical utilizations. GO is formed through altering the chemical 

composition of graphene. During the oxidation process, hydroxyl (-OH), carboxyl (-COOH), and 

epoxide (C-O-C) functional groups are introduced onto both the basal planes and edges of the 

graphene sheets.

To ensure uniform and efficient, delivery of the CuO-GO nanocomposite at the wound site, we 

designed an electrospun nanofibrous mat using poly(vinyl alcohol) (PVA) and chitosan (CS) as 

the carrier matrix. Nanofiber mats are ideal for wound care due to their high surface area-to-volume 

ratio, high porosity, and high aspect ratio, which enhance cell attachment and cell migration [8]. 

Their high porosity can also create a moist wound environment by absorbing exudates. It is widely 

recognized that a moist wound is advantageous in the healing process of acute and chronic wounds 

as it supports epidermal cell migration and increases the rate of re-epithelialization and 

angiogenesis. 

Chitosan, derived from chitin, is widely used in the fabrication of wound healing scaffolds because 

it is biocompatible, biodegradable, and bioactive, promoting hemostasis and tissue regeneration 

[9]. However, its high viscosity and polycationic nature make the electrospinning process 
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challenging. Blending chitosan and synthetic polymers such as PVA improves spinning conditions 

[10]. PVA is a water-soluble, non-ionic polymer approved by the FDA. It is generally recognized 

as safe to use in medical applications due to its biocompatibility, availability, and stability. It has 

been shown to reduce repulsive interactions of chitosan chains, enhancing molecular interactions.

 Despite this, the structural integrity of PVA/CS nanofibrous mat is often poor. To address this, 

electrospun nanofibrous mats can be cross-linked through thermal treatment, UV irradiation, or 

chemical cross-linkers such as glutaraldehyde (GTA), which efficiently cross-link without 

compromising structural integrity [11].

Electrospun nanofibrous mats containing copper-based nanomaterials have attracted growing 

attention for wound healing due to their broad-spectrum antimicrobial activity and ability to 

modulate cellular processes involved in tissue regeneration. Sandra et al. [12] incorporated CuO 

nanoparticles into PVA/chitosan (PVA/CS) nanofibers, and found enhanced antioxidant activity, 

improved cell viability (MTT assay), and accelerated wound closure along with antibacterial 

efficacy. Although promising, the study was limited by the absence of in vivo wound healing study. 

In another study, Lemraski et al. [13] fabricated a bilayer wound dressing consisting of an outer 

PVA/CS/CuNPs layer and an inner polyvinylpyrrolidone (PVP) layer. This study results 

demonstrated that copper could modulate key biological processes, including fibroblast and 

keratinocyte proliferation, epithelialization, angiogenesis, and collagen synthesis, factors critical 

for efficient wound repair. Moreover,  graphene oxide (GO) nanosheets have emerged as a 

multifunctional carbon nanomaterial due to their high surface area, reactive oxygen species (ROS) 

scavenging ability, and capacity to enhance cell proliferation and migration.  Heidari et al. [14], 

developed electrospun nanofibers composed of polycaprolactone (PCL), gelatin, and GO for nerve 

tissue engineering. The in vitro studies demonstrated enhanced cell adhesion, migration, and 
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proliferation, indicating that the PCL/gelatin/GO scaffolds provided a supportive 

microenvironment without prompting cytotoxic effects. However, the study lacked in vivo 

validation. Similarly, Dubey et al. [15]  synthesized a PEGylated GO-based nanocomposite 

embedded in PVA/CS nanofibers for use in wound dressing. The results showed that GO improves 

the mechanical and antibacterial, the study lacked in vivo validation. In a related study, 

chitosan/gelatin nanofibers reinforced with GO nanosheets showed significantly improved cell 

migration at 24 and 48 h compared to non-reinforced scaffolds, suggesting GO's positive influence 

on cellular motility and scaffold–cell interactions [16].  Studies have reported that GO, either alone 

or in combination with metal nanoparticles, can further expand wound healing outcomes due to its 

favorable physicochemical and biological properties[17].

Therefore, CuO-GO NCs were incorporated into the PVA/CS polymer solution, and the solution 

was electrospun to produce a biodegradable CuO-GO embedded PVA/CS nanofibrous mat. The 

nanofibrous mat was further crosslinked through thermal treatment in an oven at 120°C for 80 min 

to enhance the fiber's stability in an aqueous medium, thereby balancing the fiber degradation to 

the rate of wound healing. To the best of our knowledge, a thorough investigation into CuO-GO 

NCs loaded into a thermally crosslinked PVA/CS nanofibrous mat, the outcome of their loading 

concentration on cytotoxicity of cells, and in vivo wound healing has not been explored. Therefore, 

in this study, several tests were conducted to analyze the fabricated nanofibrous mat, including 

scanning electron microscopy (SEM), differential scanning calorimetry (DSC), Fourier transform 

infrared (FTIR) spectroscopy, and a universal testing machine (UTM) for mechanical property 

analyses. Furthermore, the water contact angle, swelling ratio, and degradation of the nanofibrous 

mats were examined. The potential of these nanofibrous mats as wound dressings was further 
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assessed through in vitro cytotoxicity tests, hemolysis assay and blood clot index analysis and in 

vivo wound healing studies.

2. MATERIALS AND METHODS

2.1. Materials

Low-molecular-weight chitosan (Sigma-Aldrich, Germany, DDA >75%) was purchased from 

Sisco Research Laboratories, India. Poly (vinyl alcohol) (Research Lab Fine Chem Industries, 

India; Mw = 115,000, degree of hydrolysis 98%), and cupric sulfate pentahydrate (CuSO₄·5H₂O; 

Merck, India) were purchased. Graphite powder, potassium permanganate (KMnO₄, 99.0%), 

sodium nitrate (NaNO₃), hydrogen peroxide (H₂O₂), sulfuric acid (H2SO4, 99.0%), nitric acid 

(HNO3), hydrochloric acid (HCl), phosphate-buffered saline (PBS), sodium hydroxide (NaOH), 

and glacial acetic acid (CH₃COOH) were purchased from Sigma-Aldrich, Germany.  All 

chemicals were used without further purification.

2.2. Preparation of CuO NPs

The CS stabilized CuO NPs were synthesized according to the method of T. J method [18]. Firstly, 

a stock solution of CS was prepared by dissolving 1.5 g of CS in 100 mL containing 1.5% (v/v) 

acetic acid double-distilled water at 60 °C. Concurrently, 5.0 g of CuSO4·5H2O was dissolved in 

100 mL of double-distilled water. Next, 20 mL of the as prepared CS solution was slowly added 

to the copper sulfate solution, and the mixture was vigorously stirred for 30 min to ensure 

homogeneity. The temperature was raised to 85 °C, and the reaction was allowed to progress for 

another 45 min. Using a dilute sodium hydroxide solution (0.625 M), the solution pH was adjusted 

to 9, and a dense blue colour was noted as the precipitate formed. Finally, the precipitate was 

separated by centrifugation at 8000 rpm for 20 min.  Distilled water was used to wash out the 
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unreacted chemicals and other contaminants. The obtained solids were dried in a hot air oven set 

at 60 °C overnight and then calcined at 600 °C for 4h. The experimental procedure is shown in 

Scheme 1a.

2.3 Preparation of GO nanosheets

The preparation procedure of the GO  nanosheets followed the modified hammer method [19]. 

Briefly, a 75 mL of acid mixture made up of conc. Sulfuric acid (H2SO4) and nitric acid (HNO3) 

at a ratio of 3:1 was placed in a round-bottomed flask. As a safety measure, the flask was immersed 

in a cold bath at 0 °C. To this mixture, 3.0 g of graphite powder was added and dispersed with 

vigorous stirring using a magnetic stirrer. Then 9 g of KMnO4 and 1.5 g of NaNO3 were slowly 

added while avoiding rapid temperature rise above 20 °C, and the mixture was stirred for an 

additional 2 h. After removing the water bath, the reaction mixture was allowed to stir overnight, 

resulting in the formation of a thick brown paste. 

Next, 150 mL of deionized (DI) water was added, and a violent effervescence was noted as the 

temperature rose above 90 °C. The reaction was allowed to progress for another 15 min, and 420 

mL of distilled water was added, followed by adding 80mL of 30% hydrogen peroxide. At this 

point, the solution color turned bright yellow. Then, 200 mL of 5% HCl was used to remove the 

manganese ions from graphene oxide. Finally, the solution was filtered, and the filtrate was 

thoroughly washed to neutralize the prepared GO to pH 7.0. The washing process was conducted 

for 30 days as the suspended particles were allowed to agglomerate and settle via gravity and 

eventually centrifuged.  The obtained GO was dried for 18 h at 60 °C in a hot air oven and stored 

in a desiccator for characterization and application. The GO synthesis route is illustrated in 

Scheme 1b. 
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2.4 Ultrasound-assisted synthesis of CuO-GO NC.

The nanocomposite was synthesized following our previously reported methods [10]. Briefly, 0.5 

g of GO and 0.5 g of CuO were concurrently dispersed in 50 mL of distilled water. Then it was 

ultrasonicated for 5 h at 80 °C. Next, the composite was separated via centrifugation at 2000 rpm 

for 20 min. Finally, the as prepared nanocomposite was dried at 100 °C in a hot air oven and stored 

in a desiccator before application in preparing the functionalized nanofiber scaffold. The synthesis 

route is shown in Scheme 1c.

2.5 Electrospinning process 

2.5.1 Preparation of polymer solution 

First, 2 g of PVA beads were added to 20 mL of DI water-acetic acid solution (20% acetic acid), 

and the temperature of the solution was maintained at 80 °C for 1h with constant agitation to ensure 

total dissolution. The mixture was then settled out to room temperature and ultrasonicated for 1h 

to remove air bubbles. 0.2g of CS powder was added to the PVA solution and kept stirring 

overnight. The required amounts of CuO-GO (0.75%, 1%, 1.5%, and 2% by weight) were 

dispersed in deionized (DI) water and ultrasonicated for 1 h to obtain a homogeneous and uniform 

dispersion of CuO-GO. It was then added to the as prepared PVA/CS electrospinimg solution and 

stirred continuously for 2 h. Later, the mixture was further ultrasonicated for an additional 1 h to 

ensure thorough mixing and uniformity.

2.5.2 Viscosity and electrical conductivity of polymeric solution

The PVA/CS and CuO-GO loaded PVA/CS solutions were characterized using a rotational 

viscometer (Elcometer 2300, USA) equipped with a temperature probe. The rotary viscometer 

measures the viscosity of liquids according to ISO 2555. The solutions were assessed at 
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temperature of 25 °C at a shear rate of between 3 and 22 s-¹. The conductivity of the polymeric 

solutions was evaluated with a handheld portable conductivity meter (Hanna HI 8033, Italy) and a 

conductivity probe sensor (4-Ring Conductivity Probe - HI76301, Hanna, Italy). All the tests were 

conducted in triplicate. 

2.5.3 Fabrication of electrospun nanofiber

The electrospinning process, as shown in Scheme 1e, was designed by first loading 5 mL of CuO-

GO incorporated PVA/CS nanocomposite solution into a syringe with a metallic needle. The 

syringe was then mounted on the pump. A rotating cylindrical collector was covered with 

aluminum foil and positioned directly in front of the needle tip; the needle-to-collector distance 

was maintained at 15cm.  Next, the flow rate and voltage were set at 0.9 mL/h and 19 kV, 

respectively. The obtained nanofiber mats were then subjected to thermal crosslinking at 120 °C 

for 80 min (40 min on each side), and the as-obtained nanofibrous mat was stored in a desiccator 

for further characterization and applications. 
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Scheme 1. Synthesis process of (a) CuO, (b) GO, (c) CuO-GO NC, (d) CuO-GO loaded PVA/CS 

spinning solution, and (e) Electrospinning, characterization, and in vivo wound healing study.  

process.

2.6 Fourier Transformed Infrared (ATR-FTIR) Spectroscopy

The chemical structures of the as-prepared GO, CuO, CuO-GO NCs, and CuO-GO loaded 

PVA/CS electrospun fibrous mats were characterized using Fourier-transform infrared (FTIR) 

spectroscopy (IRPrestige-21, Shimadzu, Japan). The FTIR spectra were recorded in the range of 

4000–500 cm⁻¹ with a resolution of 2 cm⁻¹, averaging 128 scans per sample.

2.7 X-ray Diffraction (XRD)

The crystal structures of GO, CuO, and CuO-GO NPs were studied by an X-ray diffractometer 

(Rigaku Ultima IV, Japan) using Cu-K radiation with a wavelength of 0.15418 nm. Data were 

collected in the 2θ range of 5−80°, with a 0.02° step and a counting time of 1s per step.

2.8 Scanning Electron Microscopy (SEM) and EDX

A scanning electron microscope, Zeiss sigma VP300 FE-SEM, Germany, was used to observe the 

surface morphology and topography of the CuO-GO loaded PVA/CS nanofibrous mat. The voltage 

was 10 kV. The samples were coated with platinum using an auto-coater through the ion-sputtering 

process. Fiber diameters were determined from SEM images using ImageJ software (version 

1.53t), and the average standard deviation was used to represent the data. From the high-resolution 

SEM images at 20 kV of the nanofiber surface, energy-dispersive X-ray (EDX) mapping was 

performed to determine the different elements present in the nanofiber. 

2.9 TEM analysis of electrospun Nanofibrous mats.
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The nanofibers were analyzed by transmission electron microscopy (Talos F200×G2 TEM (Czech 

Republic) at 10 kV. Sample preparation was done by electrospinning a thin layer of fibers onto a 

holey carbon-coated copper grid for TEM image analysis.

 2.10 Differential Scanning Calorimetry (DSC)

Before the DSC analysis, the electrospun nanofibrous mats were conditioned in a desiccator for 

48 h at ambient conditions. The thermal behavior of the electrospun nanofiber mat was assessed 

using differential scanning calorimetry (STA 449 F5 Jupiter system NETZSCH, Germany).  The 

experimental setup included an aluminum cell and sample heating in a temperature range of 30 - 

300 ºC with a heating rate of 10 ºC min-1 and nitrogen gas flux of 20 mL min-1. The latent heat of 

melting (ΔHm) values was calculated based on equation 1.  

∆𝐻𝑚 =
𝑇𝑒𝑛𝑑 

𝑇𝑠𝑡𝑎𝑟𝑡

𝑑𝑄
𝑑𝑡 𝑑𝑡

... (1)

Here ∆H is specific enthalpy (J/g), Tend is time of endotherm start (s), Tstart is time of endotherm 

end (s), dQ/dt is normalized heat flow (W/g), dt is integration time (s)

The degree of crystallinity (Xc) of the nanofibers was calculated according to equation 2.

𝑋𝐶(%) =
∆𝐻𝑓

(𝑤𝑃𝑉𝐴)∆𝐻𝑜
𝑓

∗ 100
... (2)

where ∆𝐻𝑜
𝑓is the enthalpy of fusion of 100% crystalline PVA, ∆Hf is the enthalpy of fusion of the 

sample; and 𝑤𝑃𝑉𝐴is the mass fraction of PVA used in the mixture [20].

2.11 Mechanical Properties 

The mechanical properties of the CuO-GO embedded PVA/CS nanofibrous mats were evaluated 

using an electromechanical testing instrument (Shenzhen Wance ETM 501, China) in accordance 
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with the ASTM D882 standard [21]. Test specimens with a width of 7 mm and a gauge length of 

12 mm were examined using a 10 N load cell at a crosshead speed of 2 mm/min. Each electrospun 

mat was tested in triplicate to ensure reproducibility. 

2.12 Porosity

Furthermore, the porosity of the nanofibrous mat was measured based on Archimedes’ method 

[22]. The as-prepared mat with 2 cm × 2 cm dimensions were conditioned for 1 h in an oven at 60 

°C. After that, the porosity was determined by soaking the mat in ethanol, giving the liquid-

accessible pores. The mats were then subjected to centrifugation at 6000 rpm for 10 min, which 

allowed the ethanol to fill their pores. The weight of the mat after being soaked in ethanol was 

recorded (Ms). The volume of the ethanol filling the pores was calculated as Vp, while the volume 

taken up by the mat was Vs. The bulk density of PVA, CS, and ethanol is 1.19, 1.21, 

and  0.79 g/cm3, respectively [23][24] . The porosity was determined using equations 3, 4, and 5, 

where ρethanol and ρPVA/CS are the densities of ethanol and PVA/CS composite, respectively. An 

average of three measurements was taken for each sample.

𝑃𝑜𝑟𝑜𝑠𝑖𝑡𝑦% =
𝑉𝑝

𝑉𝑝 ― 𝑉𝑠
100

... (3)

𝑉𝑝 =
𝑀𝑠 ― 𝑀𝑑

𝜌𝐸𝑡ℎ𝑎𝑛𝑜𝑙

... (4)

𝑉𝑝 =
𝑀𝑑

𝜌𝑃𝑉𝐴/𝐶𝑆

... (5)
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2.13 Wetting Property

The wetting property of the nanofibrous mat was determined by the static contact angle analysis 

using the sessile drop method DMe-211, Kyowa Interface Science Co. Ltd. Japan) at room 

temperature. The experimental setup consisted of a vertically mounted clamp designed to hold a 

syringe filled with deionized water in a fixed position. On one side of the apparatus, a high-

intensity light source was aligned to provide focused illumination, while a camera was positioned 

directly opposite to capture the transmitted optical images. Both devices were interfaced with a 

computer system for synchronized image acquisition and data recording. At precisely 5 seconds 

after the deposition of each water droplet onto the nanofibrous mat surface, optical images were 

captured to monitor the initial absorption behavior of the mat using DROPimage software (n = 3).

2.14 Swelling and degradation Analyses

The swelling ratios of the nanofibrous mats were experimentally determined. Firstly, mats of 

dimension 5 cm2 were dried overnight at 60 °C in a hot air oven, and their dry weight was 

measured.  The mats were then soaked in PBS solution, and the new weight was measured at 

intervals of 12, 24, 48, and 72 h. Filter papers were used to soak out excess water on the mat before 

weighing to reduce errors and exaggerated results. Concurrently, degradation analysis was 

conducted over 3 weeks, and the data were recorded weekly. The swelling ratio and degradation 

percentage were calculated using Equations 6 and 7, respectively.

Swelling ratio = (Ww ― Wd)/Wd x 100 ... (6)

% Degradation = (Wd ― Wf)/Wd x  100 ... (7)
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Here Ww = weight of the wet sample; Wd = original dry mass of the sample; and Wf = weight of 

the dry sample after degradation. The test was conducted three times, with the average values 

representing the results 

2.15 Cytotoxicity Analysis.

The cytotoxic effect of the nanofibrous mats was investigated on Vero cell lines. Vero cells were 

maintained in Dulbecco’s Modified Eagle’s Medium (DMEM) with 1% of penicillin-streptomycin 

(1:1), 0.2% of gentamycin, and 10% of fetal bovine serum (FBS). 12 × 104 cells per 800 μL were 

seeded in a 12-well plate and incubated at 37 °C with 5% CO2. After 24 h, autoclaved samples 

were added to each well. Cytotoxicity was evaluated by incubating for 48 h and observed under 

an inverted light microscope. Each sample was analyzed using triplicate cells.

2.16 Hemocompatibility analysis

Hemocompatibility of the electrospun nanofibrous mats was evaluated through whole blood 

clotting and hemolysis assays. For the hemolysis assay, the method reported by Jia et al. [25] was 

followed. Briefly, a 9 mL working suspension of diluted blood was prepared by transferring 4 mL 

of freshly collected anticoagulated male rabbit blood into a 15 mL Falcon tube, followed by 

dilution with 5 mL of phosphate-buffered saline (PBS), maintaining a blood-to-PBS volume ratio 

of 4:5. The nanofibrous mats were first cut into 1.5 cm diameter discs and conditioned in PBS 

solution at 37 °C to attain equilibrium swelling, then transferred to a 15 mL Falcon tube and 10 

mL of PBS solution was added to each tube. For the negative and positive control groups, 10 mL 

of PBS solution and 10 mL of pure water were added, respectively. The tubes were then placed in 

a water bath incubator at 37 °C for 30 minutes. To each tube, 200 μL of diluted anticoagulant 

rabbit blood was added, and the incubation was carried out for 1 h. After the second incubation, 
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the samples were centrifuged at 2500 rpm for 15 min. The absorbance of the supernatant was 

obtained using UV-Vis spectrophotometer at a wavelength of 540 nm to determine the 

concentration of released hemoglobin in the supernatant.  The hemolysis ratio for each sample was 

quantified based on Equation 8. 

The whole blood clotting properties of the nanofibers were determined by the method described 

in the previous studies [26]. The collected anticoagulated male rabbit blood was recalcified by 

adding 0.2 M CaCl solution in a 10:1 vol ratio to initiate the clotting. to obtain required 

anticoagulant whole blood. The preconditioned 1.5 cm diameter disc samples were slightly dried 

by gently placing them on a filter paper to remove excess PBS, and then transferred to a petri dish. 

20 μL of recalcified blood was dropped on the nanofibrous mat surface, the control group was 

dropped on the bare petri dish surface.  Blood was allowed to coagulate at 37 °C for 3 minutes, the 

sample were then transferred into a Falcon tube and the coagulation was terminated by the addition 

adding of 10 ml of distilled water and swirled gently without destroying the clot. Non-clotted blood 

underwent hemolysis to release hemoglobin into the DI water. The absorbance of the solution was 

determined by a spectrophotometer at 540 nm. Blood coagulation index (BCI) was calculated 

based on Equation 9 [26]. All procedures with animals were performed in accordance with the 

Institutional Ethical Guidelines for Animal Experiments of the University of Dhaka (Dhaka, 

Bangladesh).

𝐻𝑅% =
𝐴𝑠𝑎𝑚𝑝𝑙𝑒 ― 𝐴𝑛𝑒𝑔𝑎𝑡𝑖𝑣𝑒 𝑐𝑜𝑛𝑡𝑟𝑜𝑙

𝐴𝑝𝑜𝑠𝑖𝑡𝑖𝑣𝑒 𝑐𝑜𝑛𝑡𝑟𝑜𝑙 ― 𝐴𝑛𝑒𝑔𝑎𝑡𝑖𝑣𝑒 𝑐𝑜𝑛𝑡𝑟𝑜𝑙
× 100

... (8)

𝐵𝐶𝐼 (%) =
(𝐼𝑠 ― 𝐼0)
(𝐼𝑟 ― 𝐼0) × 100%

... (9)
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Where Asample represents the sample absorbance, Anegative control indicates negative control 

absorbance, and Apositive control represents positive control absorbance. Whereas, where Ιs was the 

absorbance of supernatant in sample group, Ιr was the absorbance of the supernatant in the control 

group, and Ι0 was the absorbance of deionized water. The experiments were conducted in triplicate.

2.17 In vivo wound healing study.

In vivo wound healing studies were conducted on male mice weighing approximately 40 g. The 

ethical clearance for this experiment was granted by the Faculty of Biological Sciences at the 

University of Dhaka (letter no 268/Biol.Scs, dt. 26-09-2024). The Swiss albino mice were 

maintained under standard conditions and provided with pellets and water. The mice were 

anaesthetized to render them unconscious for approximately 20 min using ketamine HCl USP 

injection (IM/IV) as per the guidelines provided by the University of Pennsylvania’s International 

Animal Care and Use Committee (IACUC). Using a trimmer, the dorsal fur of the mice was 

smooth-shaved, and the estimated wound part to be formed was marked on the interscapular area 

at 5 mm from the ears. Next, a wound of about 1 cm in diameter and 1 mm in depth with minimal 

bleeding was prepared using surgical scissors and a blade. Additionally, the epidermal and dermal 

layers were removed to create a full-thickness wound. The as-prepared nanofibrous mats were cut 

into 1.5 cm2 sizes and UV sterilized for 20 min before preconditioning for 2 min in PBS solution. 

Finally, the mat was gently placed on the wound site using forceps. The negative control remained 

untreated. Wound healing was evaluated by observing the wound morphology, contraction, and 

re-epithelialization with the naked eye. Furthermore, wound closure was monitored by taking 

digital images at 2, 7, and 14-day intervals using a Vivo Y28 phone camera equipped with a 50MP 

wide-angle lens at a fixed height. The wound closure rate (WCR) was calculated by measuring the 

wound area using the following equation 10.
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𝑊𝐶𝑅 =
𝐴0 ―  𝐴𝑡

𝐴0
× 100 ... (10)

Where A0 is the total wound area at day 0 and At is the total wound area at day t.

2.18 Histopathological examination.

To assess healing and inflammation in the wound areas, mice were euthanized on days 2, 7, and 

14 of the in vivo wound healing study. Wound site tissues, including the surrounding muscle and 

skin, were excised and fixed in 10% buffered formalin for 24 h. Tissues were then dehydrated 

through a graded ethanol series (70%, 80%, 95%, and 100%, each for 2 h), cleared with xylene, 

embedded in paraffin, and sectioned into 4 μm-thick slices using a Leica microtome. Following 

deparaffinization and rehydration through a descending ethanol series (100%, 95%, 70%) and 

water, sections were stained with Hematoxylin & Eosin (H&E) and Masson’s Trichrome (MT) 

according to standard protocols. Histological evaluation focused on the following parameters: 

necrosis, inflammatory infiltrates, hemorrhage, granulation tissue, re-epithelialization, epidermal 

thickness, and collagen deposition. Digital images were captured at 10× and 20× magnifications 

using a brightfield microscope (Zeiss Axio Scope A1, Germany). Granulation tissue areas were 

quantified using ImageJ software. Re-epithelialization was measured by calculating the distance 

between the left and right wound edges; the total re-epithelialized tissue area was defined as the 

sum of the new epithelium formed from both edges.

2.19 Histomorphometry analysis 

For general histoarchitecture and epithelial regeneration assessment, the H and E stained tissues 

were analyzed.  Epithelial thickness is used as an indicator of epithelial maturation in the wounded 

area. The epithelial thickness was measured as the distance of a new epithelial layer coverage 

across the wound bed using Image-J software. Before taking any quantitative measurements, the 
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scale was set manually for each image based on the scale bar embedded at the time of acquisition. 

Measurements were taken from multiple randomly selected fields per section and averaged to 

obtain a representative value for each sample [28]. Collagen deposition and extracellular matrix 

remodeling were evaluated using Masson’s Trichrome staining. Collagen-positive areas (stained 

blue) were quantified as percentage area fraction within the wound region of interest (ROI) using 

standardized thresholding across all images to ensure comparability. The same image analysis 

workflow and threshold parameters were applied to all experimental groups and time points. This 

technique functions based on separating different colour channels in the stained tissue sections to 

isolate the collagen fibers and then quantifying them through thresholding and image analysis [29]. 

Angiogenesis was assessed by quantifying blood vessel density in histological sections. Vessel 

counts were performed manually in randomly selected high-power fields (HPF, 400× 

magnification). A structure was considered a blood vessel if it contained a clearly identifiable 

lumen lined by endothelial cells. Vessel density was expressed as the number of vessels per HPF. 

For each parameter, at least 5–10 non-overlapping fields per section and multiple sections per 

sample were analyzed to minimize sampling bias. Data were expressed as mean ± standard 

deviation (SD). Statistical comparisons between groups were performed using one-way or two-

way ANOVA followed by appropriate post hoc tests, with p < 0.05 considered statistically 

significant

2.20 Statistical analyses.

All experiments were carried out in triplicate. The data are presented as mean ±standard deviation 

(SD). Statistical analysis was performed using one-way ANOVA with a significance level set at 

0.05. 
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3.0 RESULTS AND DISCUSSION.

3.1 Synthesis and characterization of CuO, GO, and CuO-GO NC.

The nanoparticles of CuO were synthesized via a simple green synthesis method using chitosan, a 

polysaccharide, since chitosan can act as a reducing and capping agent. CS prevents the 

agglomeration of the NPs through electrostatic repulsive forces to overcome the Van der Waals 

forces between the individual atoms.  Ideally, the molecules can self-assemble with CS  acting as 

a capping and stabilizing agent through coordination of its amino and hydroxyl groups with CuO 

NPs surfaces, restricting particle growth, and yielding smaller, well-dispersed nanoparticles  [18]. 

CS was employed as a transient reducing/capping agent and copper oxide nanoparticles were used 

after calcination.  Chitosan was decomposed after calcination; this was evidenced by the FTIR and 

XRD analyses.

GO was synthesized following the modified hammer method as reported in our previous paper 

[30]. The conversion of bulk graphite to GO involves three steps. First, graphite is converted to 

the sulfuric acid-graphite intercalation compound (H2SO4-GIC). Second, the GIC is transformed 

into pristine graphite oxide (PGO). Finally, PGO reacts with water to form GO [31].  

The composite of GO and CuO can lead to a productive combination of the properties of the two 

species compounds, which can lead to a novel series of next-generation materials with superior 

features. We found these hybrid materials worth exploring. A possible mechanism for the 

formation of GO-CuO NC is as follows: GO, with oxygen-containing functional groups on its 

basal planes and edges, provides anchor sites for nanoparticles formed in situ to attach. Initially, 

positive Cu2+ ions in the solvent are easily adsorbed onto the negatively charged GO sheets through 

electrostatic forces. Due to the rapid hydrolysis of CuO, many nuclei form quickly. The oxygen 
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atoms in these growing crystal units then bond with the functional groups on the GO sheets through 

intermolecular hydrogen bonds or coordination bonds, facilitating further crystallite growth [32]. 

The as-prepared CuO, GO, and CuO-GO NC were characterized with ATR-FTIR, XRD, SEM and 

TEM analyses.

ATR-FTIR spectroscopy of CuO-GO NC.

The FTIR spectra of GO, CuO, and CuO-GO NC are presented in Figure 1a to investigate the 

interaction and functional group modifications upon composite formation. The ATR-FTIR 

spectrum of GO (Figure 1a), displays a broad absorption band centered at 3400 cm-¹, which 

corresponds to the O-H stretching vibration, indicative of hydroxyl functional groups. A distinct 

peak at 1726 cm-¹ is attributed to the C=O stretching vibration of the carboxylic groups. The strong 

peak at 1615 cm-¹ is associated with bending of H-O-H from absorbed water. The band at 1371 

cm-¹ originates from the C-OH deformation, while the peak at 1224 cm-¹ can be assigned to the C-

O-C asymmetric stretching of epoxy groups. Additionally, the absorption band at 1059 cm-¹ is 

linked to the C-O stretching of alkoxy groups [33]. The FTIR spectra of chitosan–CuO NCs and 

calcined CuO NPs are shown in Figure S1. The spectrum of the chitosan–CuO shows a broadened 

O–H/N–H stretching band at 3340 cm-1. Changes in the N–H bending peak at 1535 cm-1 indicate 

Cu²⁺ ions primarily coordinate with chitosan amino groups. In contrast, calcined CuO NPs exhibit 

the disappearance of organic-related bands, retaining only weak surface hydroxyl features and the 

characteristic Cu–O lattice vibration at 455 cm⁻¹ and confirming the formation of a pure 

monoclinic CuO phase. 

The ATR-FTIR spectrum of the GO-CuO NC (Figure 1a) divulges the presence of key functional 

groups associated with both GO and CuO NPs. Distinct absorption bands observed at 581 and 480 
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cm-¹ correspond to the stretching vibrations of the Cu-O bond, confirming the successful 

incorporation of CuO nanoparticles onto the GO nanosheets. Additionally, characteristic peaks 

located at approximately 3450, 1620, 1370, and 1070 cm-¹ can be assigned to  O-H, and C-OH, 

and C-O functional groups of GO, respectively. These observations indicate that the oxygen-

containing functionalities of GO were preserved even after the formation of the composite with 

CuO [34]. The observed spectral shifts and merging of absorption bands suggest weak interactions 

between CuO nanoparticles and oxygenated functional groups on GO, potentially via electrostatic 

force or hydrogen bonding. These interactions may enhance the dispersion stability and interfacial 

compatibility within the composite system.

Figure 1. Comprehensive characterization of the CuO–GO NCs: (a) ATR-FTIR spectra and (b) 

XRD patterns elucidate the chemical structure and crystallinity, (c) the SEM image highlights CuO 

nanoparticles (yellow arrows) uniformly decorated on the GO surface; (d) Low and (e) high-
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resolution TEM images further confirm nanoparticle dispersion and interfacial integration, and (f) 

CuO nanoparticle size distribution plot.

X-Ray diffraction analysis.

Figure 1b shows the XRD spectra for CuO, GO, and CuO-GO NC. To identify the crystal phase 

of CuO, the sample was thermally treated in a muffle furnace at 600 °C for 4 h to decompose the 

organic components. This temperature was sufficient to completely remove chitosan, resulting in 

a pure crystalline CuO phase. XRD analysis reveals a single monoclinic phase. Diffraction peaks 

at 32.51, 35.44, 38.48, 48.80, 53.46, 58.1, 61.36, 65.81, and 68.04° are assigned to the (110), (-

111), (111), (-202), (020), (202), (-113), (311), and (220) respectively, diffraction planes of 

monoclinic CuO which agree well with the standard JCPDS card no. 00-044-0706 [35]  Previously, 

similar results were reported elsewhere [36]. 

The XRD spectrum of GO has a dominant diffraction peak at 2θ value of 9.80°corresponding to 

the (002) diffraction plane of GO [37]. A very low-intensity diffraction peak of reduced GO at 

around 26.81° was also observed. The interlayer spacing (0.87 nm) is found to be larger than that 

of pristine graphite (0.34 nm), which can be ascribed to the introduction of oxygen-containing 

functional groups on the graphite sheets. The interlayer spacing was increased through the addition 

of functional groups, including C-O, C-OOH, and C-OH, leading to a higher value of GO basal 

spacing. The broad diffraction peak at 10.07° in the CuO-GO XRD pattern is apparently due to the 

(002) planes of the hexagonal GO structure. The peaks at 35.30, 38.54, 48.66, 53.32, 58.38, and 

61.62° correspond to the (-111), (111), (-202), (020), (202), and (-113) diffraction planes of 

monoclinic crystalline CuO in the CuO-GO composite [37]. It was noted that the CuO phase 

dominated the GO phase. 
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SEM analysis of the CuO-GO NC

The high-resolution SEM images (X20000) of the ultra-sonicated CuO-GO NC are depicted in 

Figure 1c, revealing underlying flake-like structures that resemble those of the bare GO (Figure 

S2). At the same time, this surface is covered with additional CuO nanoparticles that contrast 

differently with the underlying GO sheet. From this image, it was vividly possible to distinguish 

CuO NPs from the GO nanosheet. The CuO NPs appeared spherical and randomly decorated on 

the GO surface. The small-sized NPs are attributed to the ultrasonication method employed during 

synthesis. The high pressure during sonication increases the fluid temperature by cavitation, 

inducing high local shear, dispersing the particles, and breaking them into smaller sizes [38].  

Furthermore, the low magnification (X7000) SEM image (Figure S2) revealed that the GO sheets 

had folds and formed wrinkled flakes.  Studies have shown that the structure of GO is affected by 

intrinsic and extrinsic parameters, such as thermal fluctuation, defects, functionalization, and 

applied stresses [39]. Functional groups and structural defects present on the basal planes of GO 

can change the electronic structure of carbon atoms from sp2 to sp3 hybridization, thereby 

deviating carbon atoms from the original plane, resulting in atomic-level wrinkling [39]. Another 

possible explanation for the wrinkles might be a result of GO-water interactions. During water-

casting, GO sheets crumble due to drying stresses associated with surface tension as water 

evaporates. Moreover, the CuO nanoparticles were non-uniformly distributed. Probably, the 

oxygen-containing functional groups (hydroxyl, carboxylic, and epoxy) on the GO surface prevent 

the aggregation of metal oxide species. 

TEM analysis 
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The TEM analysis was also performed for the GO sheets, CuO NPs, and the CuO-embedded GO 

nanocomposite to analyze the size and shape of the NPs and the nanocomposite. Low 

magnification TEM images of the CuO-GO NC are depicted in Figure 1d, which further 

confirmed that the CuO NPs were widely spread and uniformly embedded on the surface of the 

GO sheets. From the high-magnification TEM image in Figure 1e, it was observed that the CuO 

nanoparticles were spherical, with a size range of 5-35 nm and an average size of 19 nm, which 

was determined by measuring 100 particles picked randomly and plotting the data in a size 

distribution histogram shown in Figure 1f. 

Furthermore, the TEM image of GO sheets in Figure S3 shows a thin, flake-like GO sheet with 

its edges slightly scrolled and folded backward. This folding behavior is characteristic of graphene 

oxide (GO), which possesses various oxygen-containing functional groups on its surface. These 

functional groups not only increase the hydrophilicity of the sheets but also prevent restacking and 

regraphitization. The tendency of GO sheets to fold upon drying helps preserve their high surface 

area.

3.2 Viscosity and electrical conductivity of spin solutions.

The viscosity and conductivity of the electrospinning solution directly impact the nanofibrous mat 

properties, such as fiber diameter and morphology. Therefore, each solution was analyzed before 

electrospinning by measuring viscosity and electrical conductivity (Figure 2). Sequential flow 

curve measurements were conducted to evaluate the influence of varying shear rates and 

incremental CuO-GO concentrations on the viscosity under ambient conditions.

As illustrated in Figure 2a, the viscosity versus shear rate profile demonstrates that all 

formulations exhibited a pronounced decrease in viscosity with increasing shear rate (3-25 s-¹), 
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indicative of shear-thinning behavior. This non-Newtonian pseudo plastic behavior was 

consistently observed in both the pristine PVA/CS solution and the CuO-GO nanocomposite-

loaded PVA/CS polymer solutions loaded with 0.75% to 2% (w/w) of CuO-GO NC. 

Furthermore, at a constant shear rate of 3 s-¹, an incremental increase in CuO-GO nanocomposite 

content within the PVA/CS polymer solutions led to a progressive reduction in shear viscosity. 

Specifically, the viscosity decreased from 0.73 Pa·s in the unmodified PVA/CS solution to 0.70, 

0.66, 0.61, and 0.59 Pa·s upon incorporation of 0.75%, 1.0%, 1.5%, and 2.0% (w/w) CuO-GO, 

respectively as seen in Table 1. However, the observed increase in viscosity upon incorporation 

of CS into the PVA solution can be attributed to enhanced molecular interactions, including both 

intramolecular and intermolecular hydrogen bonding, as well as electrostatic interactions between 

the PVA and CS chains. Such interactions facilitate polymer chain entanglement and trigger 

conformational rearrangements, leading to enhanced flow resistance [56]. 

Additionally, electrostatic repulsion among the positively charged CS chains contributes to 

polymer chain extension and expansion of the overall network structure, further elevating 

viscosity. It is well-established that polymer concentration and molecular weight significantly 

influence solution viscosity [40]. In this study, a 10% (w/v) of high molecular weight PVA and 

2% (w/v) of CS with a low molecular weight and 90% degree of deacetylation (DA) were utilized, 

which likely intensified these effects. Conversely, increasing the CuO-GO nanocomposite content 

within the PVA/CS matrix resulted in a gradual reduction in viscosity. This reduction can be 

attributed to a decrease in polymer chain entanglement density, likely arising from nanofiller-

induced structural disruption. A study by Weir et al. [41] demonstrated that in polymer-GO NC, 

the high aspect ratio and strong interfacial confinement effects of GO distort polymer chain 

conformations, thereby diminishing the number of interchain entanglements, as evidenced through 
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bulk rheological measurements. Remarkably, their findings revealed that as little as 0.5% of GO 

(by volume) was sufficient to significantly reduce the average chain dimensions in the bulk 

nanofibrous matrix, supporting the observed viscosity-lowering effect in our system.

 Regarding the electrical conductivity of the electrospinning solutions, the pure PVA solution has 

a conductivity of 0.06 mS/cm. The PVA/CS composite solution had a conductivity of 0.25 mS/cm. 

The addition of 0.75% CuO-GO composite to the PVA/CS solution resulted in an increase in 

conductivity to 0.88 mS/cm. However, a further increase in the concentration of CuO-GO to 1%, 

1.5%, and 2% in the PVA/CS solution resulted in an increasing conductivity to 1.09, 1.23, and 

1.48 mS/cm, respectively, as seen in Figure 2b.

PVA is a water-soluble, semicrystalline polymer that forms long-range hydrogen bonds in aqueous 

solution. It is generally considered an insulator due to its poor electrical conductivity [42], on the 

other hand, CS is an amino polysaccharide molecule with a strong positive charge [43]. Adding 

CS to the acetic acid solution of 10 (w/w)% PVA increases the solution's conductivity and 

viscosity. This is because at low pH below 6.5, using acetic acid, the amino groups (NH2) of CS 

were protonated (NH3
+), thereby giving a positive charge to the polymer backbone. 

It has been reported that the conductivity of CS solution is a result of the protonation of NH 3
+ 

groups that leads to mobile OH- ions that can move freely and give rise to an ionic current[44]. 

Additionally, the proton (H+) is dissociated from acetic acid and results in a free amino group in 

the chitosan backbone when protonated (-NH2 + HAc ↔ -NH3
+ + Ac-). While the water molecules 

absorbed in the chitosan chains can form hydrogen-bond sites for the proton transferring from 

amino groups to water molecules (-NH3
+ + H2O ↔ -NH2 + H3O+) . 
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It was also noted that adding 0.75wt%, 1wt%, 1.5wt%, and 2wt% CuO-GO NC into the PVA/CS 

composite solution resulted in a 252%, 336%, 392%, and 492% increase in the conductivity, 

respectively. The integration of CuO-GO NC into the PVA/CS nanofibrous matrix significantly 

enhanced the electrical conductivity of the polymer solution. This enhancement is attributed to the 

synergistic interaction between GO’s extended π-conjugated network and the semiconducting 

nature of CuO, which likely facilitated the formation of interconnected conductive pathways 

within the polymer nanofibrous matrix  [45].

The conductivity of polymer solutions impacts the Taylor cone formation. The applied voltage 

induces an electric field that causes charge buildup on the polymer surface. When it exceeds the 

polymer's surface tension, a jet of polymer is drawn towards the collector. Increased conductivity 

of the polymer solution enhances charge buildup, resulting in a more distinct Taylor cone with 

improved jet stability (stretch and elongation of jet), ultimately producing thin fibers  [60]. 

Figure 2.  (a) Effect of CuO–GO nanocomposite (NC) incorporation on the rheological and 

electrical behavior of the PVA/CS polymer solution: (a) shear viscosity versus shear rate and (b) 

solution conductivity, shown for the neat polymer system and after the addition of 0.75, 1.0, 1.5, 
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and 2.0 wt% CuO–GO NC. Data are shown as mean ± SD (n = 3). Statistically significant 

differences were considered for *p ≤ 0.05, **p ≤ 0.01

3.3 ATR-FTIR analysis of nanofibers.

The distinctive molecular structures of PVA, CS, and PVA/CS nanofibers were identified from 

the ATR-FTIR spectra (Figure 3). The spectra of pure PVA, CS, un-crosslinked PVA/CS, and 

crosslinked PVA/CS nanofibrous mat are depicted in Figure 3a. IR spectrum of PVA shows broad 

peaks at 3288 cm-1 associated with the O-H stretching vibration from the intra- and intermolecular 

hydrogen bonds and peaks at 2940 and 2911 cm-1 related to the asymmetric and symmetric C-H 

stretching vibrations of -CH2, respectively. The characteristic bands detected at 1714 cm-1 indicate 

the C=O bonds’ stretching vibrations associated with the acetyl group of the polyvinyl acetate [47]. 

The peak at 1418 cm-1 indicates the scissoring -CH2 group. Additionally, a peak at 1138 cm-1 

corresponds to the stretching of the C-O bonds associated with the crystalline portion of PVA. The 

characteristic peaks at 916 and 840 cm-1 indicate the presence of skeletal vibrations in PVA  [49]. 

Pure CS spectra have a broad band between 3650 to 2980 cm-1 due to the O-H and N-H stretching 

vibrations. The peaks at 2916 and 2870 are attributed to the C-H stretching vibrations. The band 

associated with the asymmetric stretching vibration of the C=O; is noted at 1652 cm-1, while that 

at 1581 cm-1 is assigned to the N-H bending vibration. The bands at 1418 cm⁻¹ is attributed to the 

asymmetric C-H bending vibration [49]. Further, the bands at 1066 cm⁻¹ is assigned to the C-O-C 

stretching vibration of the glycosidic bond that forms the chitosan chain [10].

The IR spectra of PVA/CS nanofibrous mats exhibit characteristic peaks from the PVA and 

chitosan precursors.  The peak at 3316 cm-1 correspond to overlapping O-H, N-H vibrations 

whereas the peak at 2925 cm-1  is for C-H stretching vibrations in both CS and PVA [50]. The shift 
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of the C-H stretching peak from 2870 cm⁻¹ in pure chitosan to 2909 cm⁻¹ in the PVA-CS composite 

indicates enhanced molecular interactions. This shift is attributed to hydrogen bonding between 

PVA and CS. The ionization of the major amino groups in chitosan is evidenced by the peaks at 

1590 cm-1 associated with the symmetric deformation of -NH3
+ groups. In acidic conditions, the 

amine groups (-NH₂) in chitosan protonate to -NH₃⁺. 

Upon adding PVA, the abundant OH groups in PVA form strong hydrogen bonds with -NH₃⁺, 

reducing electrostatic repulsion and altering vibrational energy. This weakens the NH₃⁺ bond 

strength, stabilizes the chitosan structure, and shifts the peak to a lower wavenumber 1560 cm⁻¹. 

Additionally, the absorption peak at 1260 cm-1 assigned to the O-H band in PVA disappeared for 

PVA/CS nanofibrous mat. The crystalline-sensitive bands of chitosan at 1060 cm-1 and 659 cm-1 

disappeared in PVA/CS nanofiber, thus confirming the blended nature of the PVA and CS and 

PVA/CS composite. 

The spectra of the heat-treated PVA/CS nanofibers at 120 °C for 80 min exhibited peaks like those 

of PVA and CS. The O-H and N-H bands around 3630-2980 cm-1 appeared much narrower and 

sharper due to the dehydration process in the thermally treated fiber nanofibrous mats. Moreover, 

the identity peak linked to the crystalline part of the PVA at 1141 cm−1 observed in the PVA 

spectrum overlapped the peak at 1090 cm−1 for all the fiber nanofibrous mat samples [20].  After 

being thermally treated, this peak became much pronounced and sharper. Thus, the improvement 

in the mechanical properties could also be associated with the physical crosslinking effect, due to 

the removal of acetic acid and water residues from the microstructure of the electrospun fibers. 

Thermal crosslinking of PVA occurs through the loss of inter- and intramolecular water, leading 

to enhanced crystallization. As water molecules evaporate, hydrogen bonds between PVA and 
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water break, allowing PVA chains to pack more closely and form stronger interchain hydrogen 

bonds [49]. 

This increased crystallinity improves the nanofibrous material’s mechanical strength, thermal 

stability, and reduces water solubility. When blended with chitosan, thermal crosslinking further 

strengthens hydrogen bonding between the two polymers, modifying the composite’s structural 

and functional properties. This explains why the heat-treated PVA/CS nanofibers showed less 

degradation in PBS over the study period of 3 weeks (Figure 7). 

Similarly, the molecular interaction between the CuO-GO NC and the PVA/CS nanofiber was 

studied by ATR-FTIR analysis.  Figure 3b shows the respective spectra of the PVA/CS nanofiber 

loaded with different wt% of CuO-GO NCs and the magnified portion, highlighting the key peaks 

that can be used to confirm the interaction between the CuO-GO NC and PVA/CS nanofibers. All 

the nanofibrous mats were thermally crosslinked. The weight ratio of CS: PVA (1:10), and the 

weight ratio of GO: CuO (1:1) were constant. However, the loaded percentage of the CuO-GO NC 

into the PVA/CS polymer blend solution varied between 0.75%, 1%, 1.5%, and 2%. The 

characteristic epoxy peak at 1224 cm-¹ in GO is capable of reacting with the primary amine (-NH₂) 

groups of CS, resulting in the formation of secondary amine (C-NH) linkages [51]. However, due 

to the proximity of the IR absorption bands of primary and secondary amine groups, no distinct 

spectral shift was observed between the two, making differentiation difficult. Additionally, the 

carboxyl groups present on GO can also form amide bonds with amino groups on CS, but the 

corresponding FTIR signals for the resulting secondary amines were similarly indistinct, indicating 

overlapping or weak intensity in the region.

In Figure 3c, It is evident that the peak emerged at 1640 cm-1 in the CuO-GO/PVA/CS spectrum 

compared to GO, which is related to the N-H stretching vibration of NH3
+ due to the transformation 
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of amine groups under extremely acidic synthesis conditions [52]. A noticeable shift of the amide 

II band from 1552 cm-¹ to 1562 cm-¹ was observed. This shift is attributed to the interaction 

between the amino groups of chitosan and the oxygen-containing functional groups of GO, 

particularly carboxyl and epoxy moieties [53]. 

Figure 3. ATR-FTIR spectra of (a) CS, PVA, uncross-linked PVA/CS, and cross-linked PVA/CS 

nanofibers; (b) CuO-GO embedded PVA/CS nanofibrous mat; and (c) an expanded view of the 

1500-1750 cm-¹ region for the CuO-GO/PVA/CS nanofibrous mat.

3.4 Differential Scanning Calorimetry analysis

DSC analyses were carried out to investigate the thermal property and phase transitions of the 

electrospun nanofibrous mats following thermal crosslinking. In polymeric systems, glass 

transition temperature and melting point are critical thermal phenomena influenced by processing 

conditions and the incorporation of additives.

Figure 4 presents the DSC thermograms of pristine PVA/CS and CuO-GO-loaded PVA/CS 

nanofibrous mats, with CuO-GO contents ranging from 0.75 wt% to 2.0 wt%. A broad 

endothermic peak centered around 50 °C was observed in all samples, attributed to the evaporation 

of tightly bound water, which is involved in H-bonding interactions with the hydroxyl and amino 
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groups of CS and the hydroxyl groups of PVA [54]. Upon removal of bound water, the PVA/CS 

nanofibrous mat displayed a glass transition temperature (Tg) at approximately 78 °C. A slight 

downward shift in Tg was recorded with increasing CuO-GO content, indicating changes in chain 

mobility. A distinct endothermic peak at 214 °C was observed, corresponding to the crystalline 

melting temperature (Tm) of PVA [54]. This melting peak systematically shifted to lower 

temperatures of 208, 206, 205, and 204 °C for the nanofibers containing 0.75%, 1.0%, 1.5%, and 

2.0 wt% of CuO-GO, respectively. No melting peak for chitosan was detected, as chitosan is not 

thermoplastic; instead, it undergoes degradation before melting due to its strong intermolecular 

hydrogen bonding.

The decrease in Tm with increasing CuO-GO content is attributed to the interaction and dispersion 

of CuO-GO within the polymer matrix. At lower concentrations, CuO-GO may act as nucleating 

agents that promote crystallization. However, at higher loadings, particle agglomeration likely 

occurs, disrupting the hydrogen bonding network and inhibiting crystal growth, thereby reducing 

Tm and overall crystallinity [55]. The latent heat of melting (ΔHm) values were found to be 41.07, 

32.66, 19.54, 16.00, and 12.74 J/g for the pure PVA/CS nanofibrous mat and the mats loaded with 

0.75 wt%, 1.0 wt%, 1.5 wt%, and 2.0 wt% CuO-GO, respectively. Furthermore, Using a reference 

value of ΔHm = 138.6 J/g for 100% crystalline PVA [56], the degree of crystallinity (Xc) of the 

nanofibers was calculated. Overall, the incorporation of CuO-GO NCs led to a notable reduction 

in crystallinity (Figure S4). This decline can be attributed to the disruption of the crystalline 

structure of PVA during the electrospinning process, which involves rapid solidification and high 

elongation forces. Additionally, the use of solvents during the preparation phase, high elongation 

rate, and the rapid solidification process during the electrospinning may have further impaired the 

development of the crystalline domain [49]. The relatively high thermal stability of the developed 
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nanofibrous mats suggests their suitability for applications such as wound dressing, where 

resistance to autoclave sterilization and thermal crosslinking is essential. Interestingly, the 

decrease in crystallinity and melting point also implies increased porosity and surface area, both 

advantageous properties for biomedical applications. The presence of PVA contributes to 

enhanced thermal stability across all formulations [56].

 

Figure 4. DSC spectra of PVA/CS and different wt% of CuO-GO embedded PVA/CS nanofibrous 

mats

3.5 SEM analysis of nanofibrous mats.

Nanofiber morphology has a significant impact on the behavior of wound dressing materials in 

medicinal applications. It has a direct influence on cell culture and drug release properties. Various 

factors, including the properties of the electrospin solution, electrospinning parameters, and 

environmental conditions, affect the nanofiber morphology. Designing a nanofiber with uniformly 

distributed morphology (including fiber orientation, diameter, pore size, and density) is a delicate 

art of engineering design. Here, we designed PVA/CS nanofibers mat by varying the CuO-GO 

concentration while keeping all other factors constant. 
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The SEM images and size distribution histograms of the as prepared nanofibrous mats are 

displayed in Figure 5. The average fiber size of the mats was found by measuring the diameter of 

100 fibers randomly selected across the mat surface using Image J software version 1.53t. The 

nanofiber mat of the prepared polymer solution formulation has a random distribution with no 

dominant fiber orientation. The fiber randomness is likely due to the whipping motion of the 

spinning jet. Although it has been reported that aligned nanofibers provide good contact guidance 

for cell proliferation, facilitate cell-cell interactions, and promote cell alignment when compared 

to random fibers [57]. 

As shown in Figures 5a and 5a1, low and high magnification, respectively. PVA/CS electrospun 

mats produced nanofibers with a smooth surface. In addition, the process yielded no significant 

droplet residues. The nanofiber diameter was 290 nm as seen in the size distribution histogram in 

Figure 5a2. 

PVA has been utilized as an adjuvant to assist in spinning bead-free nanofibers of CS. The 

interaction between the NH3
+ of CS and the -OH groups of PVA enhances the viscosity of the 

spinning solution. Furthermore, the positively charged groups of CS improve the electrical 

conductivity of the solution. High molecular weight PVA was used to produce a nanofibrous mat 

from 10% (w/v) solutions of PVA and 1wt% of CS solution by the electrospinning process. The 

high viscosity of the electrospun solution is due to PVA and CS chain entanglement resulted in a 

dense solution which contributed to the formation of thicker nanofibers.

Figure 5b and 5 b1 depict the low and high magnification images of the 0.75wt% of CuO-GO 

embedded PVA/CS nanofibrous mat. By adding 0.75wt% of CuO-GO into the PVA/CS polymer 

solution to prepare the nanofibrous mat, a decrease of 18% in average fiber diameter to 238 nm 

was noted, as depicted in the histogram in Figure 5b2. Similarly, in Figure 5c and 5c1(low and 
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high magnification, respectively), a further increase in the concentration of CuO-GO to 1% 

resulted in beadles and thin nanofibers marked by a decrease in average fiber diameter to 219 nm 

as shown in Figure 5c2. Interestingly, in Figure S5, it was clear that the incorporation of CuO-

GO enhances the nanofiber porosity, as pores of random sizes were visible from the cropped SEM 

images of the fiber sections shown in Figure 5c1.

Notably, Figure 5d and 5d1 show the SEM images of 1.5 wt% of CuO-GO loaded PVA/CS 

nanofibers. The mat had randomly aligned nanofibers, with a smooth surface and a average size 

distribution of 168 nm, as shown in Figure 5d2. Finally, adding 2 wt% of CuO-GO in PVA/CS 

polymer solution produced fibers with spindles as seen in Figure 5e and 5e1 (low and high 

magnification, respectively). The spindles are probably due to the higher concentration of CuO-

GO. Furthermore, the progressive fiber thinning was evident in this sample too with a fiber mean 

size of 116 nm (Figure 5d2).

This indicates that the addition of CuO-GO to the PVA/CS polymer solution led to fiber size 

reduction due to an increase in charge density of the composite, prompted by the semiconductor 

property of CuO and the charge transfer property of GO in CuO-GO NC. High conductivity 

resulted in polymer jet splitting into thinner fibers, which ultimately leads to fibers of smaller 

diameter. Beaded fibers are associated with the instability of the polymer jets, which is in turn 

influenced by the balance between the viscosity and surface tension of the spin solution. The 

hydrogen bonds between PVA, CS, and GO played a crucial role in stabilizing the polymer jet 

during the spinning process. 

For most cases examined here, the nanofibers' diameter decreased with the increase in CuO-GO 

concentration. Therefore, it can be assumed that the solution thinning, as was seen in the viscosity 

analysis, with increasing electrical conductivity, will lead to a small size nanofiber diameter. These 
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are the relevant variable parameters to compare with the fiber size. The CuO-GO NCs were not 

clearly distinguishable in the SEM images of the nanofibrous mats, likely due to their small size 

and relatively low concentration within the fiber matrix. Therefore, transmission electron 

microscopy was employed to confirm the presence and distribution of CuO-GO within the 

nanofibrous mats.
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Figure 5. SEM analysis of cross-linked PVA/CS nanofibrous mats embedded with different wt% 

of CuO-GO nanocomposites. (a-e) FESEM images at 10,000× magnification with 0, 0.75, 1.0, 1.5, 

and 2.0wt% CuO-GO, respectively. (a1-e1) Corresponding high-magnification images at 40,000×. 

(a2-e2) Nanofiber diameter distributions for each composition. (f and f2) low and high 

magnification TEM images of the 1.5 wt% CuO-GO embedded PVA/CS nanofibrous mats. 

Additionally, EDX analysis was employed to evaluate the elemental composition of the CuO-GO 

incorporated PVA/CS nanofibers. The corresponding EDX spectra of 2 wt% of CuO-GO 

embedded PVA/CS nanofibers are shown in Figure S6. As is seen, C, N, O, and Cu are the main 

components, which distinctly indicate that the CuO-GO was loaded inside the PVA/CS nanofiber.  

The elemental compositions of C, N, O, and Cu in 2 wt% of CuO-GO embedded PVA/CS were 

67.54 wt%, 1.51 wt%, 29.55 wt% and 1.4 wt%, respectively as seen in Figure S6 inset. 

3.6 TEM analysis of nanofibrous mats.

High-resolution transmission electron microscopy images of CuO-GO embedded PVA/CS 

nanofibrous mat are depicted in Figure 5f. The nanofibers exhibit an elongated cylindrical shape 

with relatively smooth surfaces, suggesting a controlled electrospinning process. Figure 5f shows 

the dark contrast regions, indicating that localized CuO-GONC are uniformly distributed within 

the nanofibers. This confirms successful incorporation of CuO-GO within the PVA/CS 

nanofibrous structure, likely through hydrogen bonding or covalent interactions. The 

homogeneous dispersion of CuO-GO suggests effective interaction with the polymer nanofibrous 

matrix, whereas partial clustering of CuO-GO may result from aggregation during the 

electrospinning process. The lighter fiber regions indicate polymer-dominant areas, while the 

darker areas represent higher atomic density due to CuO-GO presence [58] The uniform nanofiber 

morphology suggests good electrospinnability and mechanical stability, while the embedded CuO-

Page 39 of 82 Materials Advances

M
at

er
ia

ls
A

dv
an

ce
s

A
cc

ep
te

d
M

an
us

cr
ip

t

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

0 
Ju

ne
 2

02
6.

 D
ow

nl
oa

de
d 

on
 6

/1
0/

20
26

 9
:3

6:
56

 P
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
DOI: 10.1039/D5MA01301A

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5ma01301a


40

GO nanoparticles enhance potential applications in rapid wound dressings. Overall, the TEM 

analysis confirms effective integration of CuO-GO into the CS/PVA nanofibrous mat, with mostly 

uniform distribution. 

Next, XRD analysis of the nanofibrous mats was conducted to determine the effect of the CuO-

GO NCs and thermal crosslinking on the crystallinity of the mats. 

3.7 XRD analysis of representative nanofibrous mats

The XRD profiles of the PVA/CS and 2 wt% of CuO-GO embedded PVA/CS electrospun 

nanofibrous mats before and after thermal crosslinking are shown in Figure S7. The XRD spectra 

of all the samples were dominated by the PVA fraction, showing a sharp peak at 19.55°,  

correspond with the (101) reflection planes, respectively. A similar finding was reported by 

Kusjuriansah et al, [59] The characteristic diffraction peaks at 9.40° and 19.3°, corresponding to 

the (110) and (020) planes, respectively, were assigned to CS. Additionally, for the 2wt% of CuO-

GO incorporated PVA/CS nanofibrous mats the peaks at 35.50° and 38.55° correspond to the (-

111) and (111) planes of CuO. Although the peak at 10.3° is represented by the (002) plane of GO 

[10].

The degree of crystallinity was determined from the ratio of the area under the main peak to the 

total area of the diffraction spectrum. The crystallinity of the uncrosslinked and crosslinked 

PVA/CS nanofibrous mats was found to be 73.13% and 79.41%, respectively. Likewise, the 2 wt% 

of CuO-GO embedded PVA/CS nanofibrous mats exhibited crystallinity of 66.81% and 75.93% 

for the uncrosslinked and crosslinked samples, respectively. Generally, from these results, we can 

confirm the semicrystalline nature of PVA. Furthermore, the loading of CS to form the PVA/CS 

mats can potentially negatively impact crystallinity since amine groups of CS can interact with the 
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hydroxyl groups of PVA to form hydrogen bonds, thereby interfering with the formation of PVA 

crystals. 

Interestingly, the 2 wt% of CuO-GO incorporated PVA/CS nanofibrous mats exhibited a slightly 

lower crystallinity than the PVA/CS mats, denoted by a decrease of about 8.6% and 4.4% for the 

uncrosslinked and crosslinked samples, respectively. These results were also confirmed by the 

decrease in peak intensity at around 1146 cm–1 in the FTIR spectra (Figure 3). It was also noted 

that the major peaks in the XRD spectra dropped in intensity and broadened with the addition of 2 

wt% of CuO-GO NCs. This is a sign of a lowering of the degree of crystallinity, which increases 

the amorphous nature of the samples. This could be explained by the CuO-GO tiny particles and 

rigid nature, which interfere with the chain's reorganization and increase ionic conduction because 

of their potent interaction with PVA/CS [60]. 

On the other hand, the crosslinking process had a positive effect on the degree of crystallinity. A 

6.28% and 9.12% increase was noted for the PVA/CS and the 2 wt% of CuO-GO embedded 

PVA/CS nanofibrous mat upon thermal crosslinking. This finding suggests an overall 

enhancement in crystallinity, potentially accompanied by a shift in the crystallization pattern 

within the amorphous regions. This behavior suggests that the amorphous region between the 

CuO-GO NCs and the polymer matrix is where the complexation takes place. This enhancement 

is attributed to thermally induced chain rearrangement and strengthened intermolecular hydrogen 

bonding between PVA and chitosan, which facilitates the formation of more ordered crystalline 

regions [48]. 

3.8 Mechanical properties of nanofibrous mats.
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Structural integrity is a vital property of nanofibrous mats used as wound dressings; an ideal 

dressing material should have physical properties similar to those of natural skin. Figure 6 shows 

the typical stress-strain curves, the tensile strength, the Young's modulus, and the elongation at 

break of the CuO-GO embedded PVA/CS nanofibrous mats. Tensile strength measures the 

maximum stress a nanofibrous material can withstand under a stretching load. At the same time, 

modulus is the measure of a material's resistance to elastic deformation when subjected to stress. 

As shown in Figure 6a,b, depending on the amount of CuO-GO, the tensile strength gradually 

increases, reaching 7.08±0.22 MPa at 2 wt% CuO-GO loading, which is about a 182% increase 

from the tensile strength of the pristine nanofibrous mat. Interestingly, Young’s modulus also 

shows a rise of 839.75% for the same CuO-GO concentration (Figure 6c). The elongation at break 

of the CuO-GO embedded PVA/CS nanofibrous mats was in the range 9.75-18.01%. 

This is an expected situation since GO is a material with high tensile strength and Young’s modulus 

[61]. The rigid CuO NPs were uniformly anchored on the GO surface, thus reducing layer mobility 

and drastically improving the polymer's mechanical properties. The addition of CuO-GO NC to 

the PVA/CS polymeric solution had a significant impact on the structure and integrity of the 

nanofibrous mat, as noted through the IR spectra in Figure 3. The intermolecular H-bonds between 

the OH groups of PVA, CS, and GO were observed. Furthermore, covalent bonding resulting from 

the ring-opening reaction of epoxy groups in graphene oxide (GO) by the amine groups of chitosan 

(CS) [62], leading to the formation of amide linkages within the nanofibers, plays a key role in 

defining the mechanical properties of the CuO-GO embedded PVA/CS nanofibrous mat. 

The uniform fiber morphology and nanoscale size distribution provide an additional advantage by 

contributing to the enhanced tensile strength of the CuO-GO embedded PVA/CS nanofibrous mats. 

Fiber diameter plays a critical role in determining the tensile properties of nanofibrous materials. 
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As the diameter decreases to the nanoscale, the unique characteristics of nanofibers begin to 

dominate. A more uniform and defect-free surface structure allows the fibers to better resist axial 

tensile forces, leading to enhanced mechanical performance [63]. Furthermore, crosslinking has a 

direct impact on the mechanical properties of a polymeric system. Thermal crosslinking in the 

CuO–GO/PVA/CS system is governed by heat-induced dehydration of the PVA phase, which 

enhances inter- and intramolecular hydrogen bonding between hydroxyl groups, leading to a more 

compact physically crosslinked network. FTIR confirms this process through a decrease in 

intensity of the broad O–H stretching band (3200–3500 cm⁻¹), indicating reduced bound water and 

strengthened hydrogen bonding, along with a more pronounced C–H stretching peak at ~2920 

cm⁻¹ due to thermal restructuring (Figure S8a). The increase in the ~1140 cm⁻¹ band (Figure S8b) 

further reflects enhanced ordering of PVA chains, associated with increased crystallinity arising 

from heat treatment [2][3]. 

Similar physical trends were observed by Wang et al. [64], who reported that the tensile strength 

of PVA nanofibers increased sharply by 350%, from 0.5 to 0.75 MPa, upon the incorporation of 8 

mg of GO. This enhancement was attributed to efficient load transfer from the polymer matrix to 

the GO nanosheets. However, at higher GO loadings, the tensile strength gradually reached a 

saturation point. The incorporation of GO into the PVA matrix also reduced the elongation at break 

of the composite nanofiber mat, with values decreasing further as the GO content increased from 

2 mg to 8 mg. In contrast, Yao et al. [58], reported that the tensile strength of PVA/GO nanofibers 

is lower than that of pristine PVA nanofibers when the GO content increases beyond a critical 

threshold (0.4-1 wt%). This variation was ascribed to the influence of the “hydrogen bond barrier” 

on crystallization at high GO concentrations. Accordingly, the as-prepared PVA/CS nanofibrous 

mats embedded with a defined wt% of CuO-GO showed an increase in Young’s modulus and 
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tensile strength consistent with results reported in the literature[64] [58]. Fundamentally, the 

design and manufacture of wound dressing scaffolds should ensure that the employed materials 

demonstrate unique mechanical (i.e., flexibility, softness, permeability, and elasticity) and 

biochemical (i.e., biocompatibility and biodegradability) properties that allow for comfort and 

functionality in treating wounds. Flexible substrates such as nanofibrous mats can also allow for 

the integrated sensors to adapt to irregular wound surfaces without causing discomfort [65].

Figure 6. Mechanical properties of different wt% of CuO-GO loaded PVA/CS nanofibrous mats 

and pristine PVA/CS nanofibrous mat; (a) stress-strain curves, (b) tensile strength, (c) tensile 

modulus, and (d) elongation at break. n= 3. The results are presented as the mean ± standard 

deviation (SD). The significance levels denoted as follows: *p ≤ 0.05, **p ≤ 0.01, and ***p ≤ 

0.001.

3.9 Porosity of nanofibrous mats
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Nanofibrous mats possess a structural similarity to the extracellular matrix, making them highly 

attractive scaffolds for wound healing applications. Among their critical properties, porosity plays 

a central role, as it directly influences oxygen and nutrient transport, exudate absorption, and cell 

infiltration. Porosity is defined as the percentage of void space in a solid sample, and in this study, 

it was determined using the gravimetric method. In this approach, samples were weighed dry, 

soaked in ethanol to fill the pore volume without altering the fiber structure, and then reweighed. 

Porosity was subsequently calculated based on the weight difference and the bulk density of 

ethanol relative to the apparent density of the mat.

In Figure 7a, the porosity of the nanofibrous mats was plotted against the concentration of 

embedded CuO-GO NCs. The 0.75 wt% of CuO-GO embedded PVA/CS nanofibrous mats 

exhibited porosities ranging between 83.28 ± 3.8% and 2 wt% CuO-GO embedded nanofibrous 

mats showed 77.25 ± 4.9%, however, pure PVA/CS mat showed a much lower porosity of 74.5 ± 

2.5%. The observed trend reflects a strong correlation between porosity and fiber morphology. As 

the CuO-GO content increased, the nanofibers transitioned from larger, well-spaced linear fibers 

to thinner, compressed, and wavy structures, as confirmed by SEM analysis (Figure 5). This 

morphological change affects packing density and fiber orientation, leading to reduced pore 

volume. Interestingly, the incorporation of CuO-GO improves electrical conductivity while 

lowering viscosity (Figure 2), resulting in thinner fibers, which would normally lower porosity. 

The inherently rough and irregular surface of the CuO-GO particles offsets this effect to some 

extent, contributing to increased pore formation. Thus, optimizing CuO-GO concentration is 

essential to balance porosity, fiber diameter, and structural stability.

Porosity of the as-prepared nanofibrous mats (77-83%) falls within the ideal range for wound 

dressing materials, which is generally 60-90% [66]. Porosity above 90% can compromise 
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mechanical stability and increase brittleness, leading to fluid leakage. Porosity below 60% can 

hinder oxygen and nutrient transport, impairing wound healing. 

The relationship between fiber diameter and porosity observed here is consistent with previous 

reports on rGO loaded PVA fiber by Gozutok et al. [67]. They reported that the rGO-(0.5 and 1%. 

) loaded PVA nanofiber had a porosity of 81.6% while pure PVA had a porosity of 79.4%. Further, 

an increase of rGO to 1% of decrease in porosity of the mat. Additionally, thermal crosslinking 

performed at 120 °C for 80 min further modified the mats, as confirmed by FTIR (Figure 3). 

Thermal crosslinking reduces porosity by inducing the loss of intra- and interstitial water, leading 

to fiber shrinkage and fusion, thereby densifying the nanofibrous mats. This accentuates the 

multifaceted chemistry of fibers composition, morphology, and post-processing conditions in 

tailoring porosity to meet the requirements of effective wound dressings.

3.10 Wettability analysis of nanofibrous mats

The wettability of the CuO-GO embedded PVA/CS nanofibrous mats was evaluated by water 

contact angle (WCA) measurement (Figure 7b). WCA is a reliable indicator of a material’s surface 

hydrophilicity, offering valuable insights into its surface chemistry and suitability for wound 

dressing applications.

Both PVA and CS are inherently hydrophilic due to the abundance of functional groups capable 

of hydrogen bonding. PVA contains numerous -OH groups, while CS contributes -NH2 and -OH 

groups, resulting in a strong affinity for water molecules. Accordingly, the pristine PVA/CS 

nanofibrous mat exhibited a low WCA of 38.6°, reflecting its high hydrophilicity [49].  .

Upon incorporating CuO-GO nanocomposites, the water contact angle increased progressively 

with loading concentration. The 0.75, 1.0, 1.5, and 2.0 wt% of CuO-GO embedded PVA/CS 
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nanofibrous mats exhibited WCAs of 44.8°, 48.2°, 52.3°, and 64.4°, respectively. This trend 

indicates a reduction in surface hydrophilicity with increasing nanofiller content. Similar 

observations reported by Dubey et al. [15] demonstrated that the incorporation of PEGylated GO 

into PVA/CS nanofibers increased the WCA from 27° (pristine PVA/CS) to 58°, attributing the 

effect to the amphiphilic nature of GO, where the hydrophobic basal plane reduces water affinity. 

Interestingly, Sandra et al. [12], reported that CuO incorporation alone did not significantly alter 

the hydrophilicity of PVA/CS nanofibers. In contrast, Parvinnasab et al. [68] found that copper 

complexes improve hydrophilicity. This increase is attributed to the influence of copper 

complexation on chitosan crystallinity and the occupation of hydrophilic functional groups, such 

as hydroxyl and amino groups [68]. The combined effects of both CuO and GO may be responsible 

for the more pronounced increase in WCA observed in this study. Overall, while the incorporation 

of CuO-GO reduces the hydrophilicity of the nanofibers, the mats remain sufficiently wettable to 

support cell adhesion and proliferation. This moderate hydrophilicity is advantageous, as it not 

only provides a favorable platform for cellular interactions but also facilitates controlled release 

of CuO-GO nanocomposites into the wound bed.

3.11 Swelling and water uptake analysis of nanofibrous mats

The water uptake capacity of the thermal crosslinked nanofibrous mats was determined using PBS 

solution at pH 7.4, to simulate wound exudates. The experiment was conducted over 3 days, during 

which the nanofibrous mats gradually lost weight upon reaching equilibrium. 

In Figure 7c, the PVA/CS nanofibrous mat exhibited an equilibrium swelling percentage of 

approximately 475%, indicating its strong fluid absorption capacity. The swelling profile revealed 

rapid fluid uptake within the first 12 h, followed by a gradual decrease up to 72 h.  In contrast, the 
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incorporation of CuO-GO nanocomposites into the PVA/CS nanofibers resulted in reduced 

swelling percentages. The 0.75 wt% of CuO-GO embedded PVA/CS nanofibrous mat reached an 

equilibrium swelling of 433%, while higher CuO-GO loadings further decreased swelling to 420%, 

404%, and 381% for the 1.0, 1.5, and 2.0 wt% formulations, respectively. This reduction can be 

attributed to the decreased availability of free hydroxyl groups during blending, as more CuO-GO 

interacts with PVA and CS chains, limiting water uptake. Similar results were reported by Liu et 

al. [69] their study showed that the equilibrium water absorption of the PVA/CS nanofiber mat 

prepared via solution blowing varies from 680 to 459% depending on the content of the crosslinker. 

Furthermore, all nanofibrous mats reached equilibrium swelling within 12 h, except for the 0.75 

and 1.0 wt% CuO-GO embedded PVA/CS nanofibrous mats, which took 24 h to reach equilibrium. 

After reaching equilibrium, the swelling gradually decreased for the remaining period of the study. 

The reduction in swelling can be attributed to the release of the entrapped CuO-GO NCs. Despite 

the reduction, all CuO-GO embedded PVA/CS nanofibrous mats still demonstrated very high 

swelling capacity, confirming their hydrophilic nature and suitability for wound dressing 

applications. The high porosity (Figure 7a), along with the abundant oxygen-containing groups in 

PVA, CS, CuO and GO, provided numerous sites for hydrogen bonding with water molecules. 

Additionally, the large surface area of the nanofibers ensured greater exposure to PBS, further 

facilitating water absorption.

Another important factor, such as thermal annealing, enhanced the stability of the nanofibrous 

mats by increasing crosslinking density [70]. In PVA/CS mats, annealing promoted hydrogen 

bonding between the OH and NH2 groups of chitosan and OH groups of PVA hydroxyls, reducing 

polymer free volume and swelling. In CuO-GO embedded PVA/CS mats, GO provided additional 

crosslinking sites; epoxide groups formed C–N linkages with chitosan’s amine moieties, and 
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carboxyl groups reacted with amines under heat, further strengthening the network [62]The 

reduced swelling ratio of the annealed CuO-GO embedded PVA/CS mats is attributed to GO-

mediated crosslinking. 

3.12 Degradation Assessment of nanofibrous mats

Biodegradation of nanofibrous wound dressing mats is necessary and should be matched with the 

wound healing periods. Polymeric biodegradable mats partially dissolve when in contact with the 

wound fluid, and this process leads to the formation of a soluble hydrophilic gel that protects the 

wound and stimulates the granulation and epithelialization [49]. In this study, the in vitro 

degradation of thermally stabilized CuO-GO embedded PVA/CS nanofibrous mats was evaluated 

in PBS (pH 7.4) at 37 °C over an interval of 3 weeks (Figure 7d). The results showed that all 

prepared formulations lost nearly half of their original mass within the first week. The bare 

PVA/CS nanofibrous mat exhibited the fastest degradation, losing approximately 52% of its 

weight during the first week and leaving behind only 10% of its initial weight by the end of the 

third week. 

Comparable findings have been reported by Victor et al. [71], who observed that the degradation 

of the PVA-based nanofibers with high chitosan content was much pronounced, with a weight loss 

of about 50% after one week. CS has a large amount of NH2 and OH fuctional groups that are 

responsible for increasing the affinity with aqueous solutions by forming hydrogen bonds. In 

contrast, the incorporation of CuO-GO markedly improved the stability of the mats in a 

concentration-dependent manner. Among the tested samples, the 2 wt% of CuO-GO embedded 

PVA/CS nanofibrous mat demonstrated the highest stability, retaining 22% of its initial mass after 

three weeks. This stabilization effect can be attributed to the enhanced crosslinking density 

imparted by the CuO-GO, PVA, and CS network. 
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Interestingly, the lower degradation of the CuO-GO-loaded mats compared to pristine PVA/CS 

can be explained by the absence of free amine and hydroxyl groups, since most of them are used 

up in forming crosslinking networks with the CuO-GO NCs and the polymer matrix. Additionally, 

the thermal stabilization process carried out at 120 °C for 80 min was sufficient to induce PVA 

crystallization, enhance fiber densification, and thereby prolong fiber stability in solution[72].It 

can be stated that the wound dressing mat could survive the physiological environment and offer 

an adequate template for tissue regeneration during the wound healing periods.

Figure 7. Physicochemical properties of CuO-GO/PVA/CS nanofibrous mats: (a) porosity 

percentage, (b) static water contact angle, (c) swelling ratio over time, and (d) in vitro degradation 

profile. All measurements were conducted in triplicate, and data are presented as mean ± standard 

deviation. The significance levels denoted as follows: *p ≤ 0.05. 

3.13 Cytotoxicity test of nanofibrous mats
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The potential risks arising from the interactions of the CuO-GO embedded PVA/CS nanofibrous 

mat with living tissue must be evaluated during wound dressing design. In the present study, CuO-

GO NCs were synthesized at a 1:1 ratio (CuO:GO) and incorporated into PVA/CS nanofibers at 

concentrations ranging from 0.75% to 2%. The Vero cells were cultured in the extract solutions of 

the PVA/CS nanofibrous mats, and the cytotoxicity was estimated by determining the viable cell 

densities under an inverted light microscope after 48 h (Figure 8). 

To evaluate the in vitro cytotoxicity, the effect of CuO-GO embedded PVA/CS nanofiber mats on 

the proliferation of Vero cells was tested. As shown in Table 2, the 0.75, 1, 1.5, and 2 wt% of 

CuO-GO embedded PVA/CS nanofibrous mats had no significant influence on the proliferation of 

Vero cells compared to the control groups, with results showing >95% of cell survival. The 

cytotoxicity of CuO and GO is highly dependent on their concentration and particle size. Wang et 

al. [73] reported that GO concentrations below 2 wt% were non-toxic to human fibroblasts, 

whereas higher loadings above 5 wt% induced dose-and time-dependent cytotoxicity, with effects 

such as reduced adhesion, apoptosis, and nuclear internalization. Bhattacharya et al. [74] further 

reported that CHO cells retained 86% of viability at 2.5% of CuO NP concentration, but survival 

sharply decreased to 55% at 3%, indicating a narrow therapeutic window. Importantly, 

concentrations below 2.5% did not cause major morphological changes in cells and were 

considered safe for biomedical use. Taken together, these studies showed that both graphene oxide 

and copper oxide exhibit beneficial therapeutic properties at low concentrations but may exert 

cytotoxic effects at higher doses. Our results suggest that controlled loading of CuO-GO within 

nanofibrous mats not only preserves biocompatibility but also provides a safer and more effective 

wound-healing platform by regulating nanoparticle exposure. Further, the embedded CuO-GO 

within a nanofibrous mat minimizes risks associated with nanoparticle aggregation and 
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uncontrolled local concentrations, which are often reported when metal-based nanoparticles are 

applied directly to wound surfaces. The polymeric nanofiber matrix, therefore, acts as a protective 

carrier, ensuring gradual and controlled release of CuO-GO into the wound bed while retaining its 

wound-healing efficacy.

Table 2. Evaluation of the cell viability of Vero cells

Sample ID Cell survival 

(Vero cell)

Remarks 

Solvent - 100%

Solvent + 95±5.3

0.75% CuO-GO embedded 95±3.6

1.0% CuO-GO embedded 95±2.4

1.5% CuO-GO embedded 95±2.8

2.0% CuO-GO embedded 95±0.9

No Cytotoxicity was observed on the Vero 

cell line
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Figure 8. Light microscope images of Vero cells treated with electrospun CuO-GO/PVA/CS 

nanofibers at concentrations of 0.75%, 1.0%, 1.5% and 2.0 wt% CuO-GO NC (a-d), while (e and 

f) are the positive and negative controls, respectively. Scale bar =100 μm.   

3.14 Hemocompatibility of nanofibrous mats

The CuO–GO/PVA/CS nanofibrous mats exhibited very low hemolysis rates of 1.25 ± 0.9%, 2.91 

± 1.5%, 3.37 ± 1.9%, and 4.25 ± 2.5% for increasing CuO–GO content, respectively, all remaining 

below 5% (Figure 9a). These results confirm excellent hemocompatibility with negligible red 

blood cell damage, as visually supported by the clear supernatants compared to the bright red 

positive control (Figure 9b). The slight increase with higher CuO-GO loading suggests marginally 

enhanced cell–material interaction, but still within safe limits for biomaterial applications. This 

low hemolytic behavior aligns with ISO 10993-4 standards. Moreover, the BCI values after 3 min 

were 23.30 ± 2.5%, 21.18 ± 1.9%, 15.25 ± 1.4%, and 15.25 ± 2% for 0.75%, 1.0%, 1.5%, and 

2.0% of CuO–GO/PVA/CS mats, respectively, indicating progressively enhanced clot formation 
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with increasing CuO–GO content (Figure 9c and d). Lower BCI values reflect faster coagulation 

compared to the control, confirming improved hemostatic activity. This behavior suggests that the 

nanofibrous surface promotes protein adsorption and platelet activation, accelerating fibrin 

network formation. The trend is consistent with literature reporting that chitosan enhances 

hemostasis through electrostatic interaction with blood components and platelet aggregation, while 

graphene oxide contributes through hydrophilic oxygenated groups and surface charge–mediated 

platelet activation [75][76].

Figure 9. (a) Hemolysis assay for various electrospun nanofibrous mats expressed in terms of hemolytic 

ratio, (b) represents photographs of various electrospun samples and controls after centrifugation, (c) 

quantitative statistics of the blood clotting index of the nanofiber mats, (d) pictures of the BCI. Data are 

expressed as mean ± SD.***P < 0.001, and ****P < 0.0001 (n = 3).

3.15 In vivo wound healing study of nanofibrous mats. 

The wound healing process was investigated by measuring and comparing the average wound area 

in different groups on the 1st, 2nd, 7th, and 14th day (Figure 10a). In vivo studies are essential for 
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evaluating the actual wound healing efficacy of biodegradable electrospun nanofibrous mats under 

physiological conditions. In this study a full-thickness skin defects of diameter 2 cm were treated 

with 2wt% of CuO-GO embedded PVA/CS nanofibrous mat, while the control group was left 

open.

Wound healing is initiated following skin injury and involves a complex interplay of various cell 

types, cytokines, structural proteins, and growth factors that work together to restore tissue 

integrity. The 2wt% of CuO-GO embedded PVA/CS mat treated wounds were able to achieve 

100% of wound closure by day 14. More interestingly, on day 2 and 7 post injury, the 2wt% of 

CuO-GO embedded PVA/CS mat treated wound closure was 48.83 ± 3.7 and 82.51±1.6%, 

respectively, as seen in Figure 10b. Recent investigations have demonstrated that electrospun 

nanofibrous mats incorporating copper NPs promote rapid early-phase wound contraction in vivo 

[77]. The control group exhibited 35.39 ± 0.8 and 62.61 ± 2.3% of wound closure, respectively, 

within a similar period. To ascertain the significance of the treatment, the control and 2wt% of 

CuO-GO embedded PVA/CS nanofibrous mats treated groups were analyzed using an ANOVA 

test. There is a significant decrease in the average wound area on the 2nd, 7th, and 14th days in the 

recipient groups of the nanofibrous mat-treated compared to the negative control group. Visual 

inspection of the wound on day 2, as seen in the optical images in Figure 10a, revealed the 

presence of serous exudate and redness around the wound in the control mice, indicating 

inflammation. Compared to the nanofibrous mat-treated groups, where the wound area was 

uniformly moist with no visible signs of inflammation. Enhanced tissue regeneration was 

evidenced by the early appearance of hair follicles, neovascularization, and sebaceous gland 

features, which were less pronounced in control groups. The synergistic interaction of these 

components culminated in an accelerated healing process.
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 The excellent swelling ability of the nanofibrous mat ensured absorption of wound exudate, which 

can facilitate keratinocyte migration. Furthermore, CuO has been shown to possess anti-

inflammatory properties [78]. By modulating the inflammatory response, CuO-GO can help reduce 

excessive inflammation and promote a more favorable environment for wound healing.

Recent studies have demonstrated that copper-containing wound dressings can accelerate wound 

healing, stimulate neovascularization, and enhance keratinocyte activity. Lin et al. [79] fabricated 

coaxial nanofiber mats with a unique “core/sheath” structure consisting of CuO2-PVP composite 

sheath and a PCL core. The system allowed for the slow dissolution of the PVP at the wound side, 

releasing the CuO2 at the wound bed, effectively suppressing inflammation while promoting 

angiogenesis. Cell attachment analysis showed that fibroblast cells had migrated and expanded 

well in the nanofibrous structures. 

Figure 10c. depicts the proposed wound healing mechanism, facilitated by CuO-GO embedded 

PVA/CS nanofibrous mat. An in vivo study using Swiss Albino mice demonstrated the efficacy of 

the CuO-GO embedded PVA/CS nanofiber mat in enhancing wound healing. The biodegradable 

3D nanofibrous mat accelerates wound contraction through the synergistic effects of its bioactive 

components. This integrated framework promotes rapid tissue closure by combining the structural 

advantages of the nanofibers with the therapeutic properties of the embedded agents [80]. First, 

the gradual degradation of the nanofiber matrix enabled sustained release of the CuO-GO 

nanocomposite into the wound bed. The release of CuO-GO plays an important role in epithelial 

cell migration and blood coagulation, promoting wound healing by encouraging angiogenesis and 

enhancing proliferation of fibroblasts, and facilitating collagen deposition [81] Second, the 

numerous OH functional groups of PVA, CS, and GO impart hydrophilic properties to the mat, 

allowing it to absorb and store wound exudates, keeping the wound area moist. Moreover, the 
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mat’s high porosity facilitated efficient exudate uptake, preserving a moist wound environment. A 

significant reduction in macrophage infiltration signaled the transition from inflammation to the 

proliferative phase. The moist wound condition is suitable for cell migration and proliferation. CS 

can rapidly stop hemorrhage by binding to red blood cells, initiating early blood clotting. 

Furthermore, CS regulates inflammatory cells, encouraging granulation and organization. 

Graphene oxide provided a bio-adhesive surface conducive to cellular adhesion and proliferation. 

Third, the nanofibrous mat was broken down by the body's metabolic system, and the residues 

were bioabsorbed, allowing for wound healing without debridement and changing the dressing 

[82]. 

We reported the fabrication of PVA/chitosan electrospun mats incorporating a graphene oxide–

copper oxide (GO-CuO) nanocomposite, offering a chemically stable, cost-effective, and storage-

robust platform with strong clinical translation potential. The GO sheets act as carriers and 

stabilizers for copper, preventing nanoparticle aggregation and enabling controlled copper ion 

release below cytotoxic thresholds, while leveraging copper’s bioactive antimicrobial and wound-

healing properties, including promotion of angiogenesis and collagen deposition[65]. The 

combination of GO and copper also enhances mechanical stability, improves nanofiber dispersion, 

and provides a synergistic platform that supports tissue regeneration. Coupled with the scalability 

of electrospinning, sterilization compatibility, and regulatory familiarity of PVA and chitosan, this 

system represents a highly practical and multifunctional approach for advanced wound 

management and broader clinical deployment.
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Figure 10. Comparative analysis of wound healing efficiency in Swiss albino mice (a) 

Photographs displaying the condition of wounds at different time intervals, over 14 days, 

scale=5mm (b) Graph representation of the reduction in wound area for the 2 wt% of CuO-GO 

embedded PVA/CS mats and untreated control at various time points. All in vivo experimental 

procedures were independently replicated 3 times (n = 3), and the results are presented as the mean 

± standard deviation (SD). The significance levels denoted as follows: *p ≤ 0.05. (c) wound healing 

mechanism.

3.16 Histopathology study

To get a better insight into the wound-healing properties of the 2 wt% of CuO-GO embedded 

PVA/CS nanofibrous mat, a histopathological study based on Hematoxylin and Eosin (H&E), and 
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MT staining was carried out to assess the extent of re-epithelialization, granulation tissue 

formation, and collagen deposition. Tissue biopsies were collected from the wound site on days 2, 

7, and 14. 

H&E staining was executed on tissue sections obtained on days 2, 7, and 14 following wounding. 

(Figure 11a). On day 2, skin tissues taken from the wound sites of the control and the 2 wt% CuO-

GO embedded PVA/CS nanofibrous mat-treated groups displayed a disrupted epidermal and 

dermal layer. Inflammatory cells (microphages and neutrophils) were seen to migrate to the wound 

site, where they function to clear debris, secrete cytokines, and orchestrate tissue repair [72]. 

Moreover, the mat-treated wounds exhibited abundant macrophage infiltration, suggesting early 

migration and more efficient inflammatory transition. By day 7, dense fibroblast cells and thick, 

abundant granulation tissue can be observed in the 2 wt% of CuO-GO embedded PVA/CS 

nanofibrous mat-treated wounds. Additionally, numerous new blood vessels (angiogenesis) and 

hair follicles were visible in the dermal layer, with the regenerated epidermis being thin. However, 

wounds in the control group showed less amount of newly formed tissue, exhibiting sparse 

fibroblast infiltration and disorganized granulation tissue. The presence of inflammatory cells was 

also noted (arrow labeled M). Furthermore, the negative control group displayed minimal follicular 

regeneration and hair growth, related to poor wound healing and tissue regeneration [80].

After 14 days, the wounds in the control and 2 wt% of CuO-GO embedded PVA/CS mat-treated 

group showed good signs of healing, with a thickened epidermis covering the tissue surface. 

Furthermore, the nanofibrous mat-treated group exhibited a compact dermis, including blood 

vessels and hair follicles, highlighting the as-prepared nanofibrous mat’s ability to promote rapid 

and organized tissue regeneration. The H&E staining results suggested that wounds treated with 2 

wt% of CuO-GO embedded PVA/CS nanofibrous mat can achieve relatively sufficient healing 
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through early immune modulation, improved fibroblast and keratinocyte activity, and enhanced 

tissue remodeling [83].

In addition, collagen fiber deposition was assessed by MT staining of the tissue samples taken 

from the wound site, as shown in Figure 11b. On day 2, both the control and 2 wt% CuO-GO 

embedded PVA/CS mat-treated groups exhibited disrupted dermal-epidermal junctions and fewer 

collagen fibers at the wound edge, indicative of acute injury and the early inflammatory phase. 

However, the mat-treated wound revealed comparatively greater cellular infiltration and early 

fibroblast activation, with loosely arranged collagen strands beginning to appear around the wound 

bed, suggesting accelerated ECM deposition. By day 7, a clear difference between the control and 

the nanofibrous mat-treated wound was noted. The control wound depicted aligned collagen 

parallel to the skin, with diffuse and uneven blue collagen staining, and minimal granulation tissue 

formation (arrow labeled C-aligned). Conversely, the as-prepared nanofibrous mat-treated wound 

displayed a denser collagen network with prominent dermis formation. Dermal appendages, such 

as nascent hair follicles and sebaceous gland-like structures, were evident in the treated tissue, 

indicating regenerative rather than merely reparative healing. This suggests enhanced fibroblast 

proliferation, increased myofibroblast activity, and an accelerated transition into the proliferative 

phase enabled by the bioactive nanofibrous mats. On day 14, the 2 wt% of CuO-GO embedded 

PVA/CS mat-treated group exhibited nearly complete tissue remodeling through continuous, 

stratified epithelium and a well-integrated collagen matrix filling the wound bed. The collagen was 

densely packed with a basket-weave pattern, as evidenced by deeper and more uniform blue 

staining (arrow labeled C-not aligned). Notably, the incorporation of CuO-GO NC endowed the 

mat with excellent, rapid wound-healing properties. Moreover, GO could activate the clotting 

factors [84] , which noticeably accelerates scab formation at the wound site. Hussein et al. reported 
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that GO could serve as an outstanding artificial extracellular matrix supporting cell attachment and 

proliferation due to its honeycomb structure [85]. GO-incorporated mat could down-regulate scar-

related gene expression, and it could potentially facilitate scar-free wound closure [86]. Therefore, 

GO is an emerging biomaterial for wound healing with promising therapeutic advantages. The 

oxygen-containing functional groups on the surface of GO create a hydrophilic character, enabling 

dispersibility, chemical modifications, and loading therapeutic components through both 

noncovalent interactions and covalent bonds via chemical reactions. In this study, the GO was 

decorated with CuO to offer synergistic properties of both GO and CuO. During the inflammatory 

stage, CuO can block the production of pro-inflammatory substances like interleukin-1 beta and 

tumor necrosis factor-alpha within neutrophils [87]. Leading to the release of soothing substances 

such as interleukin-10 and transforming growth factor-beta (TGF-β). Excessive inflammation can 

obstruct the formation of new blood vessels, disrupt the choreographed movements of cells 

essential to wound healing, and impede the production of critical components of the extracellular 

matrix. Furthermore, CuO promoted angiogenesis and collagen cross-linking, evidenced by the 

dense dermal cellularity and organized ECM seen by day 7. Moreover, the wounds demonstrated 

features indicative of the remodeling phase, such as the presence of a fully differentiated epidermis 

with visible rete ridges, aligned collagen fibers in the dermis, and signs of appendage regeneration, 

which were largely absent in the control group by day 14. These findings suggest not only 

accelerated wound closure but also the potential for functional tissue restoration. The reduced 

inflammatory burden and organized tissue structure seen in the nanofiber group imply a lower risk 

of chronic wound development and scarring.

When compared to conventional wound management strategies, which often fail to resolve 

inflammation or stimulate sufficient tissue remodeling, the as-prepared nanofibrous mat-based 
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treatment offers a multifunctional approach. The nanostructured topography of the mat mimics 

native ECM, facilitating cell adhesion and directional migration; its controlled degradation may 

provide sustained release of bioactive ions and oxygen species that promote tissue regeneration. 

Its ability to modulate the immune response, support granulation tissue formation, and expedite 

epidermal regeneration positions it as a promising candidate for clinical translation in the 

management of acute and potentially chronic wounds compared with conventional wound 

dressings. Furthermore, these nanofibers induce less inflammation and permit fast transition to 

proliferation and neogenesis of vital structures at the wound site, thereby speeding up tissue 

remodeling. Additionally, these materials can be used to fabricate various designs with many 

shapes to lessen severe compression on nerve tissue after implantation. These findings suggest that 

the CuO-GO embedded PVA/CS nanofibrous mat could be highly beneficial in treating complex 

wounds, such as diabetic ulcers, burns, and surgical incisions, where delayed healing and frequent 

changing of dressing materials are major concerns. Though the CuO-GO-loaded PVA/CS 

electrospun nanofibrous mats reported in this study represent an efficient approach to maintaining 

the biological activity of the wound dressing. Embedding CuO-GO NCs within the nanofibers 

prevents discharge by wound exudate, allowing a sustained release that aligns with the mat's 

degradation rate. Thus, efficiently manages inflammation and accelerates the wound's transition 

into the proliferation phase for enhanced healing. Several outstanding questions remain before 

clinical translation is guaranteed. Importantly, the safety of using CuO-GO embedded PVA/CS 

nanofibrous mats for treating wounds is supported by various factors. First, the matching 

degradation rate of the nanofibrous mats to the wound closure limits the possibility that 

nanoparticles would leak into the blood system and target other organs. Second, from the in vivo 

cytotoxicity assays, our studies have shown that the CuO-GO embedded nanofibrous mats are 
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nontoxic. Third, the chitosan and PVA used in this study are generally recognized as safe and 

approved by the FDA as essential materials already widely applied in the clinic. Compared to other 

wound healing concepts (Table S1), we present PVA/CS electrospun nanofibrous mats 

incorporating CuO-GO NCs, offering a chemically stable, and storage-robust platform with strong 

clinical translation potential.
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Figure 11.  Histological images of untreated (control) and 2wt% of CuO-GO embedded PVA/CS-

treated wounds at 2, 7 and 14 days post injury. Evaluation of tissue sections was performed under 

a bright-field optical microscope. (a) Hematoxylin and Eosin (H&E) staining and (b) Masson’s 

trichrome (MT) staining. (scale bar=50 μm). Histomorphometric analysis of wound healing 

parameters. (c) Re-epithelialization thickness measured across the regenerated epidermal layer; 

(d) collagen density quantified within the dermal matrix; and (e) neovascularization expressed as 

vessel count per high-power field (HPF). Data are presented as mean ± standard deviation (SD). 

Statistical analysis was performed using one-way ANOVA comparing control and treated groups, 

with significance defined at *p < 0.05.

3.17 Histomorphometry analysis 

The results of histomorphometry analysis are presented as plots in Figure 11(c-e) demonstrated a 

progressive and biologically consistent enhancement of wound healing in the 2wt% of CuO-GO embedded 

PVA/CS-treated group across all evaluated parameters. At Day 2, the control group exhibited limited tissue 

regeneration, with re-epithelialization of 20.5 ± 2.1 µm (Figure 11c), collagen density of 18.2 ± 2.0% 

(Figure 11d), and vessel density of 3.2 ± 0.7/ HPF (Figure 11e). In comparison, the treated group showed 

improved healing responses, with re-epithelialization increasing to 32.8 ± 3.0 µm, collagen deposition to 

26.5 ± 2.4%, and vessel density to 5.8 ± 0.9/ HPF, indicating an accelerated transition from the 

inflammatory to the proliferative phase. By Day 7, the treatment effect became more pronounced, as the 
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treated wounds reached 68.4 ± 5.1 µm re-epithelialization, 58.9 ± 4.3% collagen density, and 11.5 ± 

1.4/HPF vessel count, whereas the control wounds showed more moderate healing progression with values 

of 38.7 ± 3.5 µm, 35.6 ± 3.2%, and 6.0 ± 1.0/HPF, respectively. At Day 14, the treated group demonstrated 

near-complete wound healing, characterized by re-epithelialization of 88.7 ± 6.2 µm, collagen density of 

78.4 ± 4.8%, and vessel density of 15.3 ± 1.6/HPF, reflecting advanced tissue remodeling and maturation. 

Meanwhile, the control group remained lower, with re-epithelialization of 55.3 ± 4.2 µm, collagen density 

of 50.8 ± 4.0%, and vessel density of 7.2 ± 1.1/HPF. Overall, the coordinated increase in epithelial 

regeneration, extracellular matrix deposition, and angiogenesis confirms that 2wt% of CuO-GO embedded 

PVA/CS nanofibrous mats accelerate multiple stages of wound healing, resulting in faster and higher-

quality tissue repair while maintaining physiologically plausible healing kinetics.

4. CONCLUSIONS

CuO nanoparticles stabilized with chitosan were synthesized via a green chemistry route, 

employing chitosan as both a reducing and stabilizing agent. Freshly prepared CuO decorated GO 

nanocomposite was prepared by ultrasonication process. Then varying wt% of CuO-GO 

incorporated poly(vinyl alcohol)/chitosan nanofibrous nonwoven mats fabricated through the 

electrospinning process. Scanning electron microscopy (SEM) analysis confirmed the formation 

of uniform, bead-free nanofibrous architectures with narrower fiber diameter at higher CuO-GO 

loading. The thermal-crosslinked nanofibrous mats facilitated a controlled and sustained swelling 

and degradation profile, with negligible compromise in the mechanical integrity of the mats. 

Enhanced swelling behavior was observed, which is advantageous for efficient exudate uptake in 

wound environments. The mats demonstrated thermal stability and retained their physicochemical 

properties post-autoclave sterilization. In vitro assays confirmed excellent cytocompatibility and 

hemocompatibility while in vivo evaluations corroborated their therapeutic potential for 

biomedical applications. It’s ability to rapidly restore tissue integrity while minimizing scarring 
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presents an advantage over traditional gauze or hydrogel dressings. The streamlined 

electrospinning process, combined with inherent biocompatibility and the ability to conform to 

complex wound topographies, spotlight nanofibrous mats as a premier candidate for translational 

research and industrial mass production for clinical applications.
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